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Abstract 
The Thermal Stability and Catalytic Application of MnOx-ZrO2 Oxide Powders 
Qiang Zhao 
Wei-Heng Shih, Ph.D. and Wan Y. Shih, Ph.D. 
 
 
 
 
MnOx-ZrO2 mixed oxide is an active catalyst for combustion, oxidation, and 
oxygen storage applications. MnOx-ZrO2 mixture also has large reversible adsorption 
capability for NOx, which makes it a promising candidate for NOx abatement in 
automobile emission control. However, MnOx-ZrO2 mixed oxide has not been used 
extensively because the processing and the thermal stability of resulting powders have 
not been studied systematically. It is critical to have thermally stable catalytic material 
because the application temperature can reach as high as 1000oC during service. In this 
study, we focused on improving the thermal stability of oxide powders, such as MnOx, 
ZrO2, and MnOx-ZrO2, by controlling the processing methods and parameters. For pure 
MnOx made from the precipitation method using Mn(NO3)2 aqueous solution and 
ammonium hydroxide, we found that lower concentration of Mn(NO3)2 solution and 
larger amount of ammonium hydroxide resulted in higher surface area powders. For pure 
ZrO2, we found curing hydrous zirconia in the mother liquid produced ZrO2 powders 
with larger pore volume and pore size. The specific surface area was also significantly 
enhanced by curing for the synthesized powders before calcination or after low 
temperature calcinations, and this improvement could be preserved to high temperatures 
if SiO2 was doped in ZrO2. A Monte Carlo simulation model examining the effect of 
primary particle packing on the specific surface area was used to explain the curing 
result. MnOx-ZrO2 mixtures had higher surface area than the single component oxide at 
 xx
500 and 700 oC because composite powders sintered less. The sintering behavior of 
composite powders at 900 oC was opposite to that at 500 oC and the specific surface area 
of MnOx-ZrO2 decreased drastically at 900 oC. Curing ZrO2 first or using La dopant 
could significantly enhance the specific surface area of MnOx-ZrO2 at 900 
o
C. Through 
the tests of the redox property and NO storage capability we found a close relationship 
between the enhanced thermal stability and better catalytic performance. 
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1. Introduction 
 
1.1 A general introduction to catalytic applications of MnOx and ZrO2 
Manganese oxide based materials are inexpensive, environmental friendly, and 
active catalyst for the decomposition of ozone1, nitrous oxide2 and isopropanol3; the 
oxidation of methanol4, ethanol5, benzene6, CO7 and propane8; the reduction of nitric 
oxide9 and nitrobenzene10; and the combustion of volatile organic compounds (VOC)11,12. 
The high activity of manganese oxides is attributed to their redox property and their 
oxygen storage capability (OSC). The oxygen adsorption and desorption abilities are due 
to the wide range of oxidation states available (from +2 to +4) for manganese in MnOx. 
The combination of manganese oxide with other oxides, such as alumina, silica, 
titania, and zirconia, is the common method to gain high activity catalytic materials 
because either higher surface area is achieved or higher oxidation state (+4) of Mn ion is 
stabilized by the supporting oxides13,14,15,16,17. Among them alumina-supported 
manganese oxide is widely studied15,16. 
More recently ZrO2 has attracted the attention of researchers in the catalysis field, 
due to its well-known surface bifunctional property, i.e. owning acidity and basicity 
simultaneously, which is easily controllable by doping, and its low toxicity18,19. Thus, 
ZrO2 has been reported as excellent supports for metal and transition metal oxide 
catalysts20,21. MnOx-ZrO2 showed high activity for CO and methane oxidation (Fig. 1.1) 
and its activity for CO oxidation is much higher than that of MnOx supported on other 
oxides17. Since 1995 a series of papers by K. Eguchi et al. reporting the reversible NOx 
adsorption on coprecipitated MnOx-ZrO2 mixture powders have brought new interests on 
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MnOx-ZrO2 system as NOx trapping materials besides their applications as oxidation 
catalysts22,23,24,25. 
 
 
Fig. 1.1 Conversion of (a) carbon monoxide and (b) methane as a function of temperature 
over the catalysts: Pure MnOx (dash line), MnOx supported on ZrO2 (triangle), MnOx 
supported on TiO2-Al2O3 (asterisks), MnOx supported on SiO2-Al2O3 (circle), and MnOx 
supported on TiO2 (square) (T0.5=temperature at which 50% conversion is achieved)17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)
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Fig. 1.1 (continued) 
 
 
1.2 The potential applications of MnOx and ZrO2 for vehicle emission control 
1.2.1 A brief description of the strategy for vehicle exhaust emission control 
Air pollution originated from mobile sources is a serious problem over the past 50 
years because of the dramatically increasing number of motor vehicle around the world. 
Regardless of the type of engines, the primary exhaust pollutants are unburned 
hydrocarbons (HCs), carbon monoxide (CO), and nitrogen oxides (NOx), mostly NO, 
from the current automobiles. In order to satisfy the more and more restrict emission 
control regulations, a great deal of efforts have been focused on using zero emission 
(b)
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fuels, such as hydrogen fuel cell or electrical power for automobiles. A novel catalyst 
called three-way catalyst (TWC) have been developed over the past 30 years to treat CO, 
unburned hydrocarbons, and NOx simultaneously for gasoline vehicles26,27,28,29. The 
possible reactions on the TWC are summarized in the following: 
1). Oxidation reactions: 
222
1 COOCO →+         (1.1) 
OHCOOHCs 222 +→+        (1.2) 
2). Reduction reactions: 
22 2
1
2
1 CONCONO +→+        (1.3) 
OHCONHCNO 222 ++→+       (1.4) 
The catalysts used in TWC are precious metals, such as Rh, Pd, and Pt, which are 
supported on alumina-based high surface area washcoat materials. 
1.2.2 The potential application of MnOx as OSC component in TWC 
Although TWC provides a promising solution for automobile emission control, it 
has to be reminded that achieving high conversion rate for the three pollutants at the same 
time requires the catalyst to be operated under a very restricted condition. This condition 
is mainly defined by the air to fuel ratio in the system and the air-to-fuel ratio of 14.6 by 
weight is called the stoichiometric condition. The TWC has to be operated within a 
narrow window near the stoichiometric condition in order to obtain >95% conversion for 
all three pollutants (Fig. 1.2)29. Complex systems containing oxygen sensors and 
automation control have been developed to maintain the right air to fuel ratio in the 
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system. However, it is still necessary to have a buffer component inside of the TWC that 
can release and adsorb oxygen in-situ when the system runs alternatively in fuel slightly 
rich and lean conditions. This oxygen buffer is called oxygen storage component (OSC) 
and current OSC material used in TWC is CeO2-ZrO2 solid solution. 
 
 
 
Fig. 1.2 Three way catalyst: simultaneous conversion of CO, HC and NOx29 
 
 
 
In order to meet more stringent emission standards, catalysts which function in a 
wider air-to-fuel ratio range must be developed. One of the key factors is to find an OSC 
material which has superior performance than Ce based OSC. MnOx supported on 
LaAlO3 was found to absorb oxygen directly and rapidly without the need for noble 
metals and exhibit a large capacity for oxygen storage over a wide temperature range30. 
These properties make MnOx a strong candidate for the future OSC material. 
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1.2.3 The potential application of ZrO2-MnOx as NO trapping material for mobile 
sources 
 
1.2.3.1 A brief introduction to NOx abatement for mobile sources 
NOx consisting of NO and NO2 is a major atmospheric pollutant from combustion 
process of stationary and mobile sources. It causes environmental problems such as acid 
rain, ground-level ozone, and photochemical smog etc.31,32. For the NOx emission 
generated from chemical industrial plants and stationary power stations, selective 
catalytic reduction (SCR) with ammonia on V2O5/TiO2 based catalysts is a mature 
technology33. For mobile source, especially for gasoline automobile, TWC has been used 
to treat the NOx emission in the exhaust gases as described before. However, aiming to 
increase the fuel efficiency and to further reduce the emission of carbon dioxide, which is 
a major greenhouse effect gas from automobile sources, there is an urgent need to operate 
gasoline engine at lean condition, i.e. air-to-fuel ratio larger than 14.6, or use diesel 
engines. According to Fig. 1.2, the conventional TWC cannot treat NOx effectively in the 
cases of high air-to-fuel ratio because of the excess oxygen in the emission stream. A 
great deal of research has been done on searching for new catalysts for selective catalytic 
reduction of NOx with the presence of hydrocarbons or CO or methane under the oxygen 
excess conditions34,35. However, the best solution has not been found yet and some 
common problems with these catalysts are34,36,37,38: 
• Low activity 
• Narrow operation temperature window 
• Insufficient durability 
• Influenced by H2O, CO2 etc. coexisting gasesSo an alternative solution was 
proposed for NOx abatement in lean-burn conditions. 
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Because the main reason that the conventional TWC cannot work efficiently in 
lean conditions is the excess oxygen, a process called NOx storage reduction (NSR) is 
used to circumvent this problem26,39,40. In NSR process, the engine is operated under lean 
condition and stoichiometric condition alternatively. NOx is stored on a trapping material 
under the lean condition and released and reduced on a traditional TWC under the short 
period of stoichiometric condition. Fig. 1.3 schematically shows the procedures of NSR 
process. A material that can reversibly adsorb and desorb NOx is a critical component for 
the idea of NSR to work. 
 
 
Fig. 1.3 Schematic drawing of NOx storage reduction process, A/F: air/fuel ratio, TWC: 
three way catalysts 
 
 
 
1.2.3.2 NOx reversible adsorption on MnOx-ZrO2 
Eguchi et al. showed the reversible adsorption of NOx on MnOx-ZrO2 (Fig. 1.4) 
and they proposed a model to explain this storage mechanism (Fig. 1.5)25. According to 
their model, MnOx worked as a catalyst to oxidize NO to NO2 using the surrounding 
oxygen or lattice oxygen, then NO2 was adsorbed on ZrO2 surface in the form of nitrate 
group, which was confirmed by IR and DTA study22,24. The adsorbed nitrate group can be 
desorbed at higher temperatures (>330 oC) or in the reducing atmosphere (hydrocarbon 
Engine operation cycle (time)
Lean condition: 
A/F=17-26 
NOx storage 
Stoichiometric 
condition: A/F=14.6 
NOx releases and 
reduced by TWC 
Up to 60s <1s Up to 60s <1s
Lean condition:
A/F=17-26 
NOx storage 
Stoichiometric 
condition: A/F=14.6 
NOx releases and 
reduced by TWC 
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rich)22,25. Table 1.1 compares NOx storage capability for different oxide mixtures, among 
them MnOx-ZrO2 shows the highest capability at the same condition. MnOx-ZrO2 system 
also shows very good carbon dioxide and water vapor tolerance (Fig. 1.6)24, which is in 
contrast with barium oxide based and ZSM-5 based materials37,41. So combining ZrO2-
MnOx materials with current TWC will provide a possible solution to the NOx emission 
control for lean-burned engines. 
 
 
 
Fig. 1.4 Sorption-desorption curves of NOx by Mn-Zr oxide (open circle) and Mn-Zr-Y 
oxide (Mn/Zr/Y=1/1/0.2, close circle) in the course of programmed heating. Reaction 
conditions: 800 ppm NO, 10% O2, He balance, contact time W/F=1 gscm-3, heating 
rate=5 oCmin-1, dash line is the initial concentration of NO.25 
 
 
 
 
Fig. 1.5 Mechanism of NOx sorption on Mn-Zr oxide25 
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Table 1.1 NO removal by mixed oxides containing Mn and/or Zr24 
NO removala (%) Oxide 0% O2 10% O2 
MnOx·Al2O3 9.9 14.8 
MnOx·Cr2O3 0 2.2 
MnOx·CuO 0 10.2 
MnOx·Fe2O3 11.9 37.4 
MnOx·MoO3 5.9 15.2 
MnOx·TiO2 0 25.0 
MnOx·ZrO2 100.0 100.0 
ZrO2·Al2O3 0 8.7 
ZrO2·Cr2O3 0 14.3 
ZrO2·CuO 2.7 27.0 
ZrO2·Fe2O3 0.4 8.7 
ZrO2·MoO3 0.3 2.4 
ZrO2·TiO2 7.6 17.4 
Note: calcination temperature 450 oC, gas contents: 0.1 vol% NO, 0 or 10% O2, reaction 
temperature 200 oC, contact time W/F=1 gscm-3. 
a NO removal after 30 min of use. 
 
 
 
 
Fig. 1.6 Time course of NO removal with or without CO2 and water steam for Mn-Zr 
oxide (Mn/Zr=1). Circle: 900 ppm NO, 10% O2; Square: 900 ppm NO, 10% O2, 10% 
CO2; Triangle: 900 ppm NO, 10% O2, 10% H2O; He balance. T=200 oC, contact time 
W/F=1 gscm-3.24 
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1.3 The influence of thermal stability on catalytic properties and applications 
Serving as a combustion or automotive emission control catalyst requires the 
material to be exposed at high temperature for a long time. In automobile system, the 
temperature range for TWC to work is very broad. The TWC is expected to start to 
function at a temperature as low as possible because the emission during the cold-start of 
the engine needs to be controlled. But it has to withstand the temperature about 600 to 
800 oC during normal driving conditions or even as high as 1100 oC for closed couple 
catalyst (CCC)28. So the activity of the catalyst materials at low temperature and the 
thermal stability at high temperature are very important. 
Table 1.2 shows the oxygen storage capability of manganese oxide powders made 
from nitrate or permanganate solutions after calcination at different temperatures42. As 
the temperature increases, the surface area decreases and the phase also changes (the Mn 
ions transform from higher oxidation state to lower state). Meanwhile the OSC decreases 
accordingly. Comparing the 600 oC treated ex-nitrate powder with the same temperature 
treated ex-permanganate powder, the OSC has more than 10 times difference because of 
the 10 times difference in specific surface area. 
 
 
Table 1.2 The surface area and oxygen storage capability (OSC) of manganese oxide 
powders after different temperature calcination42 
Precursor Nitrate HMnO4 
Calc. Temp. 
(oC) 300 600 1000 300 600 1000 
Phases β-MnO2 α-Mn2O3 
α-Mn2O3 
α-Mn2O3 
Mn3O4 
Amorph. α-Mn2O3 
Mn3O4 
α-Mn2O3
SBET(m2/g) 10 2 0.4 45 21 4.5 
OSC (µmol 
H2/g Mn) 
118 9.2 11.6 817 146 9.6 
Note: Amorph.: amorphous. 
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Another example shows the effect of calcination temperature on the activity of 
Mn-stabilized zirconia (20 mol% Mn) for complete oxidation of n-butane (Fig. 1.743). As 
the catalyst is treated at higher temperature, the reaction temperature has to be increased 
correspondingly in order to obtain the same conversion rate, which means the activity of 
catalysts is deteriorated by high temperature heat treatment. This deterioration comes 
from the phase transformation from cubic to monoclinic zirconia combining with the 
surface area loss. 
Most of the reactions happen on the surface of the catalyst, so the specific surface 
area is one of the convenient and effective parameters to characterize the activity of 
catalyst material. In our case, we are particularly concerned about the specific surface 
area after heat treatment at elevated temperatures. We will use the term of “high thermal 
stability” and “remaining large surface area at elevated temperatures” exchangeably in 
the rest of this dissertation. 
1.4 Research scope, objectives and dissertation organization 
The scope of this research is to base on the materials science point of view to 
study how the physical properties of catalysts, such as specific surface area and phases, 
change with heat treatment temperatures and what are the processing factors that could 
affect these properties at elevated temperatures. This information will be very useful for 
catalyst design and selection. The catalyst systems investigated include manganese oxide, 
zirconia, and their mixture. The processing factors or methods to gain/preserve large 
specific surface area and stable phases at high temperatures were studied thoroughly. The 
evolution of the textural properties at high temperatures and the relationship between 
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them were examined by sintering models and simulations. The catalytic properties were 
tested to investigate the potential applications for these oxides. 
 
 
 
Fig. 1.7 Effect of calcination temperatures on the activity of 20 mol% Mn-stabilized 
zirconia for complete oxidation of n-butane. Curves “a” to “d” correspond to samples 
calcined at 773, 873, 973, and 1073K, respectively.43 
 
 
The objectives of this research are: 
• Investigate the effects of processing parameters, such as precursor 
concentrations, processing temperatures and doping, on the thermal stability 
of MnOx and/or ZrO2 oxide powders. 
• Understand the relationship among the textural properties, such as surface 
area, pore volume, particle morphology, and particle packing, upon high 
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temperature heat treatment. Interpolate the thermal behavior of oxide powders 
by sintering theories. 
• Produce high surface area MnOx-ZrO2 powders with high redox activity as 
oxidation or NOx storage catalysts. 
The organization of the dissertation is as follows. 
Chapter 2 is an overview of the thermal stability of manganese oxide and zirconia 
powders. The variation of textural properties during heat treatment is introduced first. 
The current methods to produce high surface area manganese oxide, zirconia, and 
mixture powders are discussed. Chapter 3 is a detailed description about the experimental 
technologies. The characterization methods for surface area measurement, phase 
identification, particle morphology observation, and thermal analysis are described. 
Chapter 4 presents the effects of precursor concentrations and reactant ratios on the 
surface area of manganese oxide powders. Lower precursor concentration and larger 
ammonium hydroxide to manganese nitrate ratio generate higher surface area powders at 
500 oC. The surface area difference between the samples made from various 
concentrations vanishes gradually as the heat treatment temperature increases. The 
particle morphology varies drastically under different preparation conditions. Chapter 5 
describes the curing effect on the textural properties of zirconia based oxide powders. For 
the first time curing effect and Si doping effect are separated by adding Si in a 
controllable manner. Curing is found to have strong effects on pore size and pore volume. 
Its effect on the surface area after 4 hours of heat treatment depends on the presence of Si 
dopant. In chapter 6 the evolution behavior of surface area and pore volume of zirconia 
powders are tested at different calcination temperatures and various time. Cured samples 
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have more open structure than uncured samples. The open structure results in higher 
surface area for the synthesized powder without calcination. If the high temperature 
calcination leads to intensive sintering, like in the case of pure zirconia, the proportional 
relationship between surface area and open structure is not true any more. However, a 
small amount of Si dopant can inhibit the sintering of zirconia, so the curing effect on the 
surface area can be shown for Si doped samples even after high temperature and long 
time calcination. Monte Carlo simulation reveals the effect of particle packing on the 
surface area during the heat treatment, which is consistent with the curing effect on the Si 
doped zirconia. Chapter 7 is devoted to the thermal stability of MnOx-ZrO2 system. The 
effect of compositions and heat treatment temperatures on the surface area is presented. 
The thermal stability of MnOx-ZrO2 mixtures deteriorates at 900 oC and the sintering 
behaviors of MnOx-ZrO2 at 500 and 900 oC are opposite to each other. Curing ZrO2 first 
and lanthanum dopant help improve the thermal stability of MnOx-ZrO2 at 900 oC. 
Chapter 8 presents the redox properties and NO storage capability of MnOx-ZrO2 
powders. Mixing with ZrO2 significantly enhances the redox activity of manganese oxide 
powders. Curing and La dopant improve the redox activity of MnOx-ZrO2 even after high 
temperature calcination, which is consistent with the surface area results. Coprecipitated 
ZrO2-MnOx (Zr/Mn=1/1) powders calcined at 500 oC has a large NO storage capability 
(5*10-4 mole/g) at 100 oC. The NO storage capability decreases if the testing temperature 
increases from 100 oC to 300 oC or higher temperature calcined powders are used for the 
test. Finally, Chapter 9 concludes this dissertation with summaries of the results and 
outlook for future work. 
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2. Review of thermal stability and preparation of manganese oxide and zirconia 
 
2.1 The variation of physical properties during high temperature heat treatment 
Heating oxide powders at high temperatures leads to changes of physical and 
chemical properties. Here our attentions are more focused on the physical property 
evolution including sintering of oxide particles, phase transformation, and changes of 
particle morphology. All of these changes have strong effects on the surface area of oxide 
powders, and the density or the properties of surface reaction sites are also altered 
accordingly. 
2.1.1 Effects of sintering on the surface area of oxide powders 
Sintering is a thermal treatment for bonding particles into a coherent, 
predominantly solid structure via mass transport events that often occur on the atomic 
scale. The main driving force of sintering is to decrease the surface energy. Typically 
surface energy is associated with surface area; so surface area of powders decreases 
drastically during sintering. For solid state sintering there are two major sintering 
phenomena causing the reduction of surface area. One is coarsening, which means 
average particle size increases to make specific surface area decreases, and the other is 
densification followed by grain growth, where the surface of powders is replaced by the 
grain boundary formed through particle contacts to decrease the surface energy. 
The local driving force for mass transport is the curvature differences in the 
particle pack. Fig. 2.1 schematically shows the sintering process for two spherical 
particles. The chemical potentials of the convex and concave surfaces (µ1 and µ2 
respectively) are different44 and given by: 
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101 /2 ργµµ Ω+=         (2.1) 
202 /2 ργµµ Ω−=         (2.2) 
where Ω is the atom volume, γ is the surface free energy, ρ1 and ρ2 are the surface 
curvatures and µ0 is the chemical potential of the flat surface. The chemical potential is 
larger for the convex surface and smaller for the concave surface than that of the flat 
surface. Therefore, atom migration occurs from the convex to concave surface and the 
results are neck forming, neck growth and surface area reduction. 
 
 
 
Fig. 2.1 Sintering model of two spherical particles 
 
 
 
The relationship between neck growth and loss of surface area has been 
investigated by many researchers45,46,47. Fig. 2.2 shows the reduction of surface area is 
higher when the neck size and the particle coordination number Nc increases45. In the 
early stage of sintering, the surface area loss can be related to time using the following 
equation45: 
N
m
Btk
S
S )(
0
=
∆         (2.3) 
where S0 is the initial surface area and ∆S is the surface area loss, N is a characteristic 
sintering mechanism exponent (Table 2.1), B is a constant containing such parameters as 
ρ1
ρ2
Mass transport
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material transport properties, temperature, and particle size, K and m are both constants 
related to sintering mechanism and increase with coordination number Nc for both 
surface and bulk transport processes (Fig 2.3), t is the isothermal sintering time. This 
equation is generally valid up to ∆S/S0~50% for most mono-size particle compacts. 
 
 
 
Fig. 2.2 Variation in ∆S/S0 (the ratio of surface area loss to initial surface area) with x/a 
(the ratio of neck size to particle size) and Nc (particle coordination number) for surface-
transport (left) and bulk transport (right) controlled sintering45 
 
 
 
Table 2.1 Sintering mechanism and exponent N45 
Mechanism Exponent, N Approximate m/N 
Viscous Flow or Plastic Flow 2 0.91 
Evaporation-Condensation 3 0.67 
Volume Diffusion 5 0.37 
Grain Boundary Diffusion 6 0.30 
Surface Diffusion 7 0.29 
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Fig. 2.3 Increase in the constant m (left) and K (right) of equation (2.3) with particle 
coordination number and sintering mechanism45 
 
 
 
The importance of the above information is that the surface area loss can be 
reduced during the particle neck forming and growth (basically in the initial stage of 
sintering) if particles are packed with low coordination numbers. 
When a significant amount of densification happens, the sintering evolves from 
the initial stage to the intermediate stage. During the intermediate stage, the rate of 
surface area loss depends on the remaining surface area48, 
aS
dt
dS
≈          (2.4) 
This equation implies that the surface area loss will be larger for powders that have larger 
initial surface area when the intermediate stage sintering starts, which is confirmed by the 
sintering data of 70-µm copper at 1010 oC48. 
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2.1.2 Crystallization and phase transformation during heat treatment 
The oxide powders made from wet chemistry methods are either amorphous or 
hydroxides after synthesis. They go through crystallization and phase transformation as 
the heat treatment temperature increases. This phase evolution has been observed in 
many systems, such as alumina, titania, zirconia, etc. 
The synthesized zirconia by sol-gel or aqueous precipitation methods without 
hydrothermal treatment is amorphous zirconium oxyhydroxide. Calcination of the initial 
product at progressively higher temperatures leads to the crystallization of tetragonal 
zirconia. At even higher temperatures, tetragonal zirconia transforms to monoclinic 
zirconia. However, according to the phase diagram of zirconia49 (Fig. 2.4), for bulk 
zirconia the stable phase below 1443 K is monoclinic, which is contradictory with the 
phase transformation sequence observed in synthesized powders. Garvie et al. first 
theorized that the tetragonal phase could be stabilized at low temperatures by a crystallite 
size effect because the tetragonal phase had a lower surface free energy (770 ergs/cm2) 
than the monoclinic phase (1130 ergs/cm2)50. For crystallites smaller than a certain 
critical size, the surface energy term dominates thus stabilizing the tetragonal phase. The 
critical crystallite size can be predicted by the following equation51: 




−



∆=
−
16
1
b
C T
Tqd σ        (2.5) 
where q is the heat of the tetragonal to monoclinic transformation, ∆σ is the difference in 
surface free energies between the monoclinic and tetragonal phases of ZrO2, Tb is the 
temperature at which the tetragonal to monoclinic transformation occurs for an infinite 
crystal of ZrO2, i.e. 1447 K, and T is the temperature at which particles of a given size dc 
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undergo the tetragonal to monoclinic transformation. So generally speaking for zirconia 
powders the monoclinic phase has larger crystallite size compared to tetragonal phase. 
According to the relationship between specific surface area and particle size for spherical 
crystals, 
d
SSA
ρ
6
=          (2.6) 
where ρ is the particle density and d is the particle(crystallite) diameter, the powder with 
more monoclinic phase usually has smaller surface area. 
 
 
Fig. 2.4 Phase diagram of bulk zirconia49 
 
 
 
For manganese oxide powders, the heat treatment at various temperatures leads to 
the decomposition of the powder. According to the phase diagram52 (Fig. 2.5), the 
occurrence of phase depends on the temperature and oxygen partial pressure. In the 
ambient pressure, from about room temperature to 400 oC, the stable phase is MnO2; 
between 400 and 700 oC, the stable phase is Mn2O3; Mn2O3 further decomposes to 
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Mn3O4 and then MnO above 700 oC. The literature data showed that the crystalline 
manganese oxide was MnO2 or Mn2O3 after synthesis and low temperature calcination 
(~300 oC), which depended on the precursor (permanganate or Mn(II) Nitrate) 
used42,53,54. And indeed the crystalline phases changed with calcination temperatures and 
atmosphere for pure manganese oxide or supported manganese oxide. 
 
 
 
Fig. 2.5 Thermodynamic phase diagram of manganese oxide, the different lines are the 
phase boundary proposed by different researchers (see reference 52 for details)52. 
 
 
2.2 Properties and preparation of zirconia powders 
2.2.1 Properties of zirconia powders 
Zirconium dioxide has a high melting point (about 2700 oC), a low thermal 
conductivity, and a high resistance for corrosion, so it has been used for refractory, 
pigments, piezoelectric devices, ceramic condensers, and oxygen sensors. And it has been 
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used extensively as structural component material because of its phase transformation 
toughening mechanism49,55. 
Attempts have been made to use zirconia as a catalyst for various reactions both 
in the form of a single oxide and combined oxides since it has a high chemical stability 
and low toxicity18. Many of the catalytic applications of zirconia are related to its surface 
acid-base bifunctionality. Usually the surface of the metal oxides exhibits acidic, basic, 
oxidizing, and/or reducing properties and most metal oxides show one of the properties 
stronger than the others at the surface. A characteristic property of ZrO2 is that both 
acidic and basic properties are found on the surface though their strengths are rather 
weak56. Fig. 2.6 indicates the bifunctionality of ZrO2 surface. In Fig. 2.6 SiO2-Al2O3 
shows strong adsorption of NH3, so its surface is strongly acidic. And MgO shows strong 
adsorption of CO2, so its surface is strongly basic. However, zirconia shows comparable 
adsorption capability for NH3 and CO2 although both of the adsorption amounts are 
small. Due to this bifunctional property, zirconia has versatile catalytic applications. 
Table 2.2 and 2.3 list some of the catalytic reactions using zirconia as a single catalyst, 
one component of mixed catalysts, or catalyst support57. 
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Fig. 2.6 Temperature programmed desorption profiles of NH3 and CO2 on (a) silica-
alumina (b) MgO and (c) ZrO256 
 
 
 
Table 2.2 Application of ZrO2 for catalytic reactions as a single component57 
Reaction Reactant 
Alkylation o-Cresol, Aromatic compounds 
Amination Phenol, Aliph, aldehydes 
Ammoxidation Methlanidole, Alkenes 
Condensation Aldehydes, carboxylic acids 
Cracking Ethylbenzene, Gas oil 
Cyclization Hydrazones, Ethanol amine 
Deacetylation Acetylcaprolactum 
Deamination Butanamine 
Dehydration Alcohols, Hydroxy (methyl) propanamide 
Dehydrogenation Alcohols, Alc., alk., ethylbenzene 
Esterification Dibasic acids 
Etherification Phenol derivatives 
Hydration Alkenes 
HC synthesis CO 
Hydrocracking Coal 
Hydrogenation CO, Benzene, Butadiene, Caprolactum, adiponitrile 
Hydrolysis Et, Me acetate 
Isomerization Alkenes, epoxy 
Oxidation CO, NH3, Alkane, alkene 
Polymerization Lactams 
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Table 2.3 Application of ZrO2 for catalytic reactions as mixed oxides and support57 
Reaction Reactant 
As mixed oxide  
Acylation (Friedel-Crafts) 
Alkylation Benzene with propene 
Amination Pyridine 
Ammoxidation Toluene 
Cracking Gas oil 
Dehydration Alcohols 
FT synthesis  
HC conversion  
λγ synthesis CO, syn. gas 
Hydropolymerization Alkene 
Isomerization Alkane, alkene, xylenes 
MeOH synthesis  
Oxidation  
Reforming  
  
As support  
Dehydrogenation Isobutyric acid 
Homologation Alkene 
Hydrocracking Diphenylmethane 
Hydrogenation CO, CO2, alkene 
Metathesis Alkene 
Methanation CO 
Oxidation Alcohol, alkene, toluene 
Polymerization Ethylene 
Reduction NOx with H2, NH3 
Reforming (steam)  
 
 
2.2.2 Preparation of zirconia powders 
Zirconia is usually produced from zircon, ZrSiO458. The first step is to convert 
zircon to zirconyl chloride. This procedure is shown in Fig. 2.7. There are two methods 
used to make zirconia from the zirconyl chloride: thermal decomposition and 
precipitation. 
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Fig. 2.7 The flow chart of making zirconyl chloride from zircon58 
 
 
 
A. Once the zirconyl chloride (ZrOCl2 8H2O) is heated to 200 °C, it starts dehydration 
and becomes dehydrated ZrOCl2. On the next step, ZrOCl2 decomposes into chlorine gas 
and becomes zirconia at a much higher temperature. Zirconia lumps obtained from the 
calcination then undergo a size reduction process, such as ball milling, into the particle 
size range needed, usually up to -325 mesh. This method is associated with low 
production cost. However, it is not easy to produce zirconia powders with high purity and 
fine particle size by this method. 
B. Precipitation method, on the other hand, uses chemical reactions to obtain the zirconia 
hydroxides as an intermediate. A typical procedure is shown in Fig. 2.8. By this method, 
its purity is easier to control. Furthermore, the grain size, particle shape, agglomerate 
size, and specific surface area can be modified by controlling the precipitation and 
calcination conditions. Besides zirconyl chloride, zirconyl nitrate is another commonly 
used precursor for the precipitation method, and the base agent can be urea, alkaline 
hydroxides, or other organic bases. 
 
 
Zircon (ZrSiO4)+NaOH 
Melting 
Na2ZrO3
+HCl 
ZrOCl2 8H2O
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Fig. 2.8 ZrO2 powder made from zirconyl chloride by precipitation method58 
 
 
 
There are other methods used to produce zirconia powders, membranes or thin 
films in the laboratory. They are briefly described in the following. 
Dielectric tuning method59,60,61: Zirconyl chloride was dissolved in a solvent of 
alcohol-water mixture, and the solution was heated by a microwave oven. The dielectric 
constant of the solvent decreased significantly at high temperatures and the salt solubility 
also decreased accordingly. Precipitation occurred when the solution became 
supersaturated. The choice of alcohol solvent, the ratio between alcohol and water, the 
ZrOCl2 8H2O 
Solution 
+NH4OH
Precipitated intermediates Zr(OH)4
Wash
Cl--free Precipitate
Filtration 
Wet powders Zr(OH)4
Freezing Dry (Liquid N2) 
Dry Powder Zr(OH)4
Calcination
Zirconia Powder ZrO2
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heating method, and an appropriate dispersant can influence the final morphology of 
powders. Very homogeneous spherical zirconia powders were obtained by this method 
(Fig. 2.9). 
Sol-gel method62,63,64: The precursor for sol-gel processing usually is zirconium 
n-propoxide, but zirconium salt has also been used. A typical procedure is shown in Fig. 
2.10. The water and alkoxide ratio, pH, and the dispersant used may influence the 
morphology of powder. 
 
 
 
Fig. 2.9 ZrO2 particles made by dielectric tuning method using various ratios between 2-
propanol and water, (a) 2, (b) 3, (c) 4, (d) 5 60 
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Fig. 2.10 The flow chart for sol-gel synthesis of zirconia powder, HPC: Hydroxypropyl 
cellulose (steric stabilizer)62 
 
 
Hydrothermal synthesis65,66,67: In order to obtain crystalline zirconia from 
precipitation or sol-gel method, the precipitated zirconium oxyhydroxide has to be heat 
treated at higher temperature. An alternative way is hydrothermal processing, which 
involves the treatment of homogeneous zirconium salt solutions or hydrous zirconium 
oxide suspensions at elevated temperatures (>~100oC). Pressure is required to maintain a 
liquid solution phase at the elevated temperatures. The final crystalline phase is either 
tetragonal or monoclinic. Adair et al.68 reported that hydrothermal processing at low pH 
(pH<2) involved dissolution-precipitation of hydrous zirconia and monoclinic phase was 
formed by this mechanism. At intermediate pH range (pH=2-11), the solubility of 
Zirconium (IV) n-
Propoxide + 
Anhydrous Ethanol
De-ionized Water + 
HPC + Anhydrous 
Ethanol 
Mixed Under Normal 
Atmospheric Conditions 
Under Vigorous Stirring
Hydrolysis and 
Condensation Reactions
Formation of a Sol
Drying at 80 oC in Petri Dishes
Crushing
Crystalline/Monodispersed sub 
micron size ZrO2 powder
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zirconia decreased (Fig. 2.11) and the formation of monoclinic phase was suppressed, 
instead tetragonal phase was formed by in situ crystallization on the nuclei in the 
amorphous hydrous zirconia. However, a tetragonal-to-monoclinic transformation was 
observed with increased hydrothermal reaction time because the tetragonal phase was 
meta-stable. Under high pH conditions (pH=11-14), despite the competition from the 
increasing solubility of ZrO2 with increasing pH, the in situ crystallization to t-ZrO2 
dominated, which was attributed to the increasing energy state of the gel at high pH. The 
final product of hydrothermal processing usually is ~10 to 100 nm, well shaped, and 
isolated crystalline particles (Fig. 2.12)65. 
2.2.3 Improve the thermal stability and surface area of zirconia powders 
Compared to well-developed catalyst support materials, alumina and silica, the 
surface area of zirconia powder is usually lower especially at elevated temperatures. A 
great deal of efforts has been focused on the increase of surface area of zirconia. 
 
 
 
Fig. 2.11 Effect of temperature and pH on the solubility of Zr(OH)xOy and m-ZrO268 
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Fig. 2.12 Transmission electron micrograph of tetragonal (70%) and monoclinic (30%) 
ZrO2 powders by hydrothermal crystallization at 300 oC under 100 MPa for 24 h using 15 
wt% LiCl solution65 
 
 
 
Precursor concentration effect69: Wolfram Stichert et al. studied the effect of 
precursor (ZrOCl2·8H2O) concentration on the crystallite size, crystallization 
temperature, phase transformation temperature, and surface area of zirconia using the 
precipitation method. The concentration of zirconyl chloride varied between 0.0025 M 
and 0.1 M. It was found that lower concentration precursor generated powders with 
higher surface area (Fig. 2.13), higher crystallization temperature, smaller crystallite size, 
and higher tetragonal-to-monoclinic transformation temperature (Table 2.4). The surface 
area of zirconia made from the lowest concentration zirconyl chloride (0.0025 M) can be 
as high as 70 m2/g even after heat treatment at 950 oC for 5 h. The authors claimed that a 
more dilute stock solution led to the precipitation of smaller precursor particles, which 
grew to smaller crystallites and particles during calcination. The benefit of smaller 
crystallites and particles to surface area was discussed in section 2.1. But it is still not 
clear why low concentrations lead to smaller particles. 
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Fig. 2.13 BET surface areas of zirconia powders precipitated from different 
concentrations of zirconyl chloride solutions calcined at 550 (upper bar) and 950 oC 
(lower bar). The numbers in the brackets are the concentrations of zirconyl chloride 
solution69. 
 
 
 
Table 2.4 Crystallite size of zirconia made from precursors with different 
concentrations69 
Concn. 
(M) 350 
oC 400 oC 450 oC 550 oC 650 oC 
0.0025 Amor. Amor. Amor. Amor. Amor. 
0.004 Amor. Amor. Amor. Amor. t11.5nm 
0.01 Amor. Amor. Amor. t11nm t11.1nm 
0.02 Amor. t11.8nm t15nm t13.3nm t15.1nm 
0.03 Amor. t15.5nm t16.5nm t16.4nm t16.7nm 
0.06 t16nm t15.3nm t16.5nm t20.6nm m10.7nm N/A 
0.1 t15.8nm t14nm t15nm m10.3nm m14.5nm 
 
Concn. 
(M) 750 
oC 850 oC 950 oC 1050 oC 1150 oC 
0.0025 t10nm t9.1nm t9.6nm t18.4nm m15.3nm 
0.004 t11.5nm t11.4nm t10.9nm t19.2nm m19.1nm 
0.01 t12.7nm t13.8nm t15.5nm t26.7nm m20.8nm 
0.02 t15.2nm t16.2nm t17.4nm m14.3nm m23.7nm 
0.03 t17.5nm t16.2nm m15.1nm
t17.4nm 
m13.3nm m14.3nm m23.7nm 
0.06 m12.8nm m16.3nm m16.2nm m15nm m20.8nm 
0.1 m18.9nm m21.1nm m21.2nm m25.7nm m34.8nm 
Note: the index “m” means a crystallite size of a monoclinic crystallite; “t” means a 
tetragonal crystallite. 
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Mesoporous zirconia70,71: mesoporous, high surface area zirconium oxide may 
be prepared by incorporating cationic or anionic surfactants in the hydrous oxide and 
subsequent calcinations of the inorganic/organic intermediate. For cationic surfactants, 
they are incorporated by cation exchange at a pH above the isoelectric point of the 
hydrous oxide. Calcination of mesoporous zirconia made by n-alkyltrimethylammonium 
hydroxide at 723 K resulted in surface area of 175-360 m2/g. Generally speaking, the 
surface area and pore volume is proportional to the carbon chain length of surfactants70. 
Fig. 2.14 schematically presents the scaffolding mechanism for the formation of 
mesoporous zirconia using alkyltrimethylammonium70. The surfactant mainly plays two 
roles. It can reduce the surface tension of water and works as a drying-control additive to 
prevent the shrinkage of hydrous oxide during drying and it also prevents the partially 
ordered pore from collapsing by scaffolding mechanism during calcination. So the 
primary particles of zirconia are separated to maintain high surface area, and particles 
aggregation is inhibited and crystallization is delayed. 
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Fig. 2.14 Schematic diagram of scaffolding mechanism to produce mesoporous zirconia 
powder using alkyltrimethylammonium70 
 
 
 
Cation or anion doping effect72,73,74,75: It is well known that the tetragonal and 
cubic phases of zirconia can be stabilized at room temperature by the incorporation of 
many different metal cations, such as Mg2+, Ca2+, Y3+, La3+ and Ce4+, to form solid 
solution in the bulk ZrO2. Similarly, incorporation of cations in zirconia powders delays 
the crystallization and stabilizes the tetragonal phase. Table 2.5 shows the phase 
transformation temperature of amorphous to tetragonal zirconia increases as Si content 
increases in silicon doped zirconia powders76. Table 2.6 shows the surface area increases 
with the Si content and tetragonal phase is stabilized by the Si dopant77. The stabilization 
effect of cation doping can be explained by the fact that dopant decreases the monoclinic 
to tetragonal phase transformation temperature to about or lower than room temperature. 
Si doping significantly inhibits the grain growth of zirconia and generates smaller 
crystallite size (Fig. 2.15)78.  
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Table 2.5 Crystallization temperature of Si doped ZrO276 
Wt% of Si Crystallization temperature (oC) 
16.8 897 
16.5 893 
11.9 855 
4.2 661 
2.5 570 
1.4 501 
0.81 463 
 
 
 
Table 2.6 Compositions and surface area of zirconia-silica catalysts77 
Composition Surface Area (m2/g)a Phaseb 
Bulk Substitutions 
ZrO2 19 m 
Zr.99Si.01O2 48 m 
Zr.95Si.05O2 66 t 
Zr.85Si.15O2 128 a 
Zr.75Si.25O2 148 a 
Zr.5Si.5O2 210 a 
Zr.25Si.75O2 346 a 
Zr.15Si.85O2 384 a 
Zr.05Si.95O2 324 a 
SiO2 558 a 
Surface Impregnations 
Zr(OH)4 23 m 
Zr(OH)4/1% Si 43 m 
Zr(OH)4/5% Si 85 t 
Zr(OH)4/15% Si 121 t 
Zr(OH)4/25% Si 166 t 
Note: a.) All compositions calcined at 500 oC, 3 hours 
b.) m: monoclinic; t: tetragonal; a: amorphous 
 
 
 
Not only cations but also anions, such as SO42- and PO43-, were reported to 
stabilize tetragonal phase and increase surface area of zirconia powders. Fig. 2.16 shows 
the amorphous to tetragonal phase transformation temperature increases as the sulfate 
content in sulfated zirconia increases57. Table 2.7 compares the surface area of pure 
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zirconia, partially sulfated zirconia, and sulfated zirconia. Among them sulfated zirconia 
has the largest surface area and pure zirconia has the smallest surface area79. The 
incorporation of anions in zirconia powder probably increases the disorderness and 
prevents the aggregation of zirconia particles. So the surface area is higher and 
crystallization is delayed. 
 
 
 
Fig. 2.15 Average crystallite size obtained from XRD measurements for tetragonal 
zirconia in ZrO2-SiO2 composite powders at different annealing temperatures78 
 
 
 
Table 2.7 Surface area (m2/g) of zirconia with different sulfate concentration79 
 500 oC/2 h 700 oC/2 h 950 oC/2 h
A Partially removed sulphate 130 70 6 
B Sulphate removed 84 34 13 
C Sulphate impregnated 160 90 6 
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Fig. 2.16 The crystallization temperature (temperature of exothermic peak) of (a) sulfated 
zirconia and (b) Cr doped zirconia with the concentration of dopant57 
 
 
 
Digestion (curing) effect: G. K. Chuah et al. reported a digestion method to 
improve the thermal stability of zirconia powder since 1996.80,81,82,83 They prepared 
hydrous zirconia powders by precipitation or sol-gel method then heated the hydrous 
zirconia either in mother liquor (if it is already a basic suspension) or in an alkaline 
solution (pH>9) up to 100 oC for various periods of time followed by washing, 
centrifuging, and drying. The zirconia powders obtained from this method had excellent 
thermal stability at high temperatures. Fig. 2.17 shows that the 96-hour digested zirconia 
can maintain a surface area >90 m2/g even after the heat treatment at 900 oC for 12 
hours80. And the tetragonal phase can be stabilized till 1000 oC. The authors also reported 
digestion increased the pore volume of ZrO2 made from zirconium isopropoxide (Table 
2.8) besides the surface area increase and tetragonal phase stabilization83. They found that 
digestion at basic condition (pH~9) had a much stronger effect on the surface area than 
digestion at acid condition (pH~1 or 3) (Fig. 2.18)83. In order to explain the digestion 
effects, the authors proposed that (1) hydrous zirconia started to dehydrate at >85 oC and 
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formed very tiny crystallites that resulted in high surface area; (2) digestion process 
generated defects-free particles in which the atom migration became difficult to conduct 
phase transformation; (3) the high temperature digestion accelerated particle 
condensation and neck forming to generate strong porous structure, which could sustain 
the capillary force during drying to leave the powder with larger pore volume. 
 
 
 
 
Fig. 2.17 Effect of time of digestion at 100 oC on the surface area of ZrO2, Heat 
treatment: 12 h at each temperature80. 
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Table 2.8 Pore volume of hydrous ZrO2 and ZrO2 calcined at 500 oC83 
Hydrous 
ZrO2 
Pore volume (ml/g) ZrO2 Pore volume (ml/g) 
 #1 #2  #1 #2 
W2-0-P 0.10 0.10 W2-0-500 0.07 0.06 
W2-24-P 0.29 0.28 W2-24-500 0.12 0.11 
W2-48-P 0.38 0.39 W2-48-500 0.17 0.17 
W2-96-P 0.48 0.50 W2-96-500 0.26 0.28 
W2-192-P 0.50 0.51 W2-192-500 0.30 0.31 
W16-0-P 0.12 0.12 W16-0-500 0.04 0.05 
W16-24-P 0.35 0.38 W16-24-500 0.13 0.12 
W16-48-P 0.50 0.49 W16-48-500 0.17 0.18 
W16-96-P 0.49 0.52 W16-96-500 0.21 0.24 
W16-192-P 0.46 0.47 W16-192-500 0.32 0.36 
W16-384-P 0.39 0.38 W16-384-500 0.34 0.35 
W32-0-P 0.09 0.08 W32-0-500 0.04 0.03 
W32-24-P 0.31 0.27 W32-24-500 0.14 0.11 
W32-48-P 0.48 0.47 W32-48-500 0.19 0.18 
W32-96-P 0.53 0.50 W32-96-500 0.21 0.25 
W32-192-P 0.54 0.50 W32-192-500 0.37 0.33 
W32-384-P 0.40 0.38 W32-384-500 0.33 0.31 
Note: Symbol Wr-t-T, where r stands for the water/alkoxide ratio in sol-gel method, t is 
the digestion time in hour and T is the calcination temperature in oC (P means non-heat 
treated). All samples are digested at pH 9. 
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Fig. 2.18 Surface area of (a) zirconia digested at pH 9, water/alkoxide (in sol-gel 
method)=2 (open circle), 16 (solid circle), 32 (open square) and (b) zirconia digested at 
pH 1 (open circle) and pH 3 (solid circle), all digested zirconia calcined at 500 oC83. 
 
 
 
Because the digestion method is very easy to implement and has strong effects on 
the textural properties of zirconia, it was used by many researchers to prepare and study 
zirconia catalyst support. Zeng et al. used SAXS to investigate the submicrostructure 
evolution of digested zirconia during heat treatment84. They found that the digestion 
treatment could greatly smoothen the surface structures of the particles and provoke them 
to aggregate in fractal manner but made small differences on particle’s size. They 
claimed that dissolution and reprecipitation mechanism caused particle smoothing and 
(a) 
(b) 
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neck growth between joined particles, which resulted in strengthened networks of 
particles and contributed to higher resistance to thermal actions. In summary, digested 
particles have more opened structure (larger pore volume) and higher surface area 
because they can sustain the capillary force during drying and thermal stress during 
calcination. It seems that the above results from two research groups are consistent with 
each other. 
However, it was shown recently that digestion at high pH conditions might lead to 
the dissolution of Si from the container (both stainless steel and glass type)85 or any other 
part that was in contact with the digested suspension and contained Si86. Shown in 
previous section, Si has a strong enhancement on the surface area and it can also delay 
the crystallization and stabilize tetragonal phase of zirconia. In the literature80-84 the pH of 
the digestion suspensions were >9 and the containers used for digestion were either not 
specified or made of Pyrex glass. It is likely the results reported by these authors were the 
combined effects of digestion and Si doping. It is necessary to clarify the individual 
contribution of digestion and Si doping to the increase of surface area, phase 
stabilization, and pore structure change of zirconia powders. This is one of major tasks 
conducted in the dissertation. 
2.3 Preparation and properties of manganese oxide 
2.3.1 Properties and structure of manganese oxides 
In manganese oxides, the cations exist in three oxidation states (Mn2+, Mn3+, 
Mn4+), and the oxides crystallize in several different structures. The oxides MnO, Mn3O4, 
Mn2O3, and MnO2 can be converted from one to another by suitable adjustments of 
temperature and oxygen partial pressure (Fig. 2.5). Some of these oxides (MnO, Mn3O4) 
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can exist over a range of compositions deviating from stoichiometry. These multiple 
oxidation states make manganese oxide a possible oxygen source or sink for redox 
reactions. 
Along with the diversity of oxidation states, manganese oxide shows complexity 
in atomic structures. There are over 30 manganese oxide/hydroxide minerals formed 
naturally. Table 2.9 shows some of the important minerals87. The basic building block for 
most of manganese oxides is MnO6 octahedron (Fig. 2.19)88. These octahedral can be 
assembled by sharing edges and/or corners into a large variety of different structural 
arrangements, most of which fall into one of two major groups: (1) layer structures (Fig. 
2.20) and (2) chain or tunnel structures (Fig. 2.21). 
 
 
Fig. 2.19 The building block MnO6 in manganese oxide88 
 
 
 
These ordered pore structures plus the cation exchange and redox capabilities 
make manganese oxide an interesting candidate for ion-sieves, molecular-sieves, and 
catalysts. The excellent electrochemical and magnetic properties of the manganese oxide 
are also attracting much attention for cathodic materials in lithium batteries and new 
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magnetic materials89. As catalysts manganese oxide based materials are widely used for 
the (photo)oxidation and combustion of hydrocarbon4-8 and VOC11,12, Ozone 
decomposition1, NO/NO2 reduction9 and decomposition2 etc., which had been briefly 
introduced in chapter 1. 
 
 
 
Table 2.9 Important MnOx minerals87 
Mineral Chemical formula 
Pyrolusite MnO2 
Ramsdellite MnO2 
Nsutite Mn(O,OH)2 
Hollandite Bax(Mn4+,Mn3+)8O16 
Cryptomelane Kx(Mn4+,Mn3+)8O16 
Manjiroite Nax(Mn4+,Mn3+)8O16 
Coronadite Pbx(Mn4+,Mn3+)8O16 
Romanechite Ba.66(Mn4+,Mn3+)5O10·1.34H2O 
Todorokite (Ca,Na,K)x(Mn4+,Mn3+)6O12·3.5H2O 
Lithiophorite LiAl2(Mn4+,Mn3+)6(OH)6 
Chalcophanite ZnMn3O7·3H2O 
Birnessite (Na,Ca)Mn7O14·2.8H2O 
Vernadite MnO2·nH2O 
Manganite MnOOH 
Groutite MnOOH 
Feitknechtite MnOOH 
Hausmannite Mn+2Mn+32O4 
Bixbyite Mn2O3 
Pyrochorite Mn(OH)2 
Manganosite MnO 
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Fig. 2.20 Polyhedral representation of (A) lithiophorite showing alternately stacked layers 
of MnO6 (odd layers) and (Al, Li)(OH)6 (even layers) octahedral, (B) chalcophanite with 
Zn cations (even layers) occupying positions above and below vacancies in the Mn 
octahedral layers (odd layers), and (C) Na-rich birnessite-like phase showing disordered 
H2OyNa sites (even layers) sandwiched between the Mn octahedral sheets (odd layers)87  
 
 
 
 
 
Fig.2.21 Polyhedral representations of the crystal structures of (A) pyrolusite (1*1), (B) 
ramsdellite (1*2), (C) hollandite (2*2), (D) romanechite (2*3), and (E) todorokite (3*3), 
looking approximately parallel to the Mn octahedral chains87. 
 
1
2 
3 
4
5 
1 
2 
3 
4 
5 
1
2
3
4
5
 44
2.3.2 Synthesis of manganese oxides 
The layered and tunnel structure bestow well-defined pore size on most of 
manganese oxide materials, which fall into the domain of microporous or mesoporous 
materials. In order to obtain these mesoporous or microporous structures, the following 
methods are usually applied. 
Precipitation, Ion exchange, and Hydrothermal routes90,91,92: Precipitation 
routes involving redox reactions of Mn7+ and/or Mn2+ salts are commonly used for the 
formation of manganese oxides. Typical materials formed from precipitation routes 
include layered manganese oxides (birnessites) and condensed phase materials such as 
hausmannite (Mn3O4). The birnessites incorporate cations (typically alkali or alkaline 
earth metal ions) between the layers to balance the negative charge on the sheets. They 
can undergo ion-exchange reactions, replacing the cations between the layers with other 
alkali or alkaline earth metal ions as well as protons. Hydrothermal treatment of 
birnessites can lead to a variety of porous structures with tunnels ranging from 1*1 
(pyrolusite) to 2*4 (RUB-7) and 3*3 (todorokite). 
Sol-Gel Routes93,94: In addition to routes that proceed by oxidation of Mn2+ salts 
with KMnO4, O2, H2O2, etc., it is possible to synthesize microporous and layered 
manganese oxides by reduction of KMnO4 with organic reducing agents. Such routes 
frequently result in formation of a sol or gel. Two different groups of organic species 
have been investigated as reducing agents: multifunctional carboxylic acids, such as 
fumaric and maleic acids, and polyols, including sugars.  A typical example was using 
aqueous KMnO4 and glucose solutions, which were stirred quickly together, and then 
allowed to gel (30 s). A dark monolithic gel was obtained and dried overnight at 110 °C, 
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occasionally pouring off water liberated during gel syneresis. The subsequent material 
was calcined at 400 °C for 2 h, ground, washed with water to remove surface adhered K 
ions, and dried at 110 °C overnight. The structure of the resulting material depends on 
synthetic parameters, as illustrated in Fig. 2.22. For high concentrations of reactants (0.27 
M KMnO4, glucose/MnO4 ratio=1.5), a monolithic gel yielding K-birnessite was 
obtained, whereas lower concentrations produced a flocculant gel, yielding the 2*2 
cryptomelane and or Mn2O3 (bixbyite). Similarly, if the glucose/MnO4 ratio was 
decreased to 0.37, a flocculant gel resulted, with cryptomelane as a product. 
 
 
 
Fig. 2.22 sol-gel route for porous MnOx90 
 
 
 
High temperature solid state route95: Recently, Raveau and co-workers 
reported the synthesis of a new manganite Ba6Mn24O48 with a composite tunnel structure 
consisting of units of hollandite (2*2) linked to pyrolusite (1*1) with Ba2+ cations in the 
KMnO4 
+ 
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hollandite tunnels. The material was prepared from grinding together BaCO3 and MnO2 
with Bi2O3 incorporated as a melting agent. The mixture was heated in air to 900 °C over 
3 h and maintained at this temperature for 20 h. The temperature was further increased to 
1200-1279 °C (300 °C/h) for 2 h and cooled down at a rate of 1 °C/h. Such a material 
was found to be highly ordered. Nevertheless, the synthesis requires optimization because 
the Ba6Mn24O48 material is produced along with a number of other manganate phases 
such as BaMnO3. A pure polycrystalline phase of Ba6Mn24O48 is formed from BaO2 and 
Mn2O3. 
The specific surface area of these microporous and mesoporous manganese oxides 
is about 100 to 300 m2/g before heat treatment96,97. However, the thermal stability is not 
very good. A typical surface area value after 600 oC heat treatment is about 46 m2/g. On 
the other hand, the microporous or mesoporous manganese oxide made from the above 
methods usually contains other cations that may or may not be desired for certain 
catalytic application. Meanwhile, the processing involves some additional steps, such as 
ion exchange, hydrothermal treatment, which require some extra equipment. 
So some of the simple ways, such as the thermal decomposition and precipitation 
of manganese nitrate or permanganate manganese are still extensively used in 
laboratories for the synthesis of manganese oxide powders. C. Kappenstein et al. reported 
that using ammonium permanganate or permanganic acid as precursor for thermal 
decomposition or precipitation generated higher surface area powders than that using 
manganese nitrate as precursor42. Table 1.2 compares the surface area and catalytic 
properties of manganese oxide powders made from these two different precursors. 
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Besides the type of manganese precursor, there are many other factors, such as the 
precursor concentration and the ratio between manganese precursor and base reagent, 
which may influence the property of final products. The effects of these factors are one of 
the focuses of this dissertation. 
2.4 The thermal stability of MnOx-ZrO2 
The surface area of manganese oxide is not very high especially at high 
temperatures. So manganese oxide mixed with or supported on other high surface area 
materials are extensively investigated. MnOx-ZrO2 system has been shown to have a 
better reducibility compared to MnOx supported on other materials98, such as alumina, 
titania, and silica. The most commonly used methods to produce MnOx-ZrO2 mixture are 
coprecipitation, impregnation, and sol-gel method. MnOx-ZrO2 can be used as oxidation 
and combustion catalyst and NOx storage materials, which had been briefly introduced in 
chapter 1. For these applications high temperature thermal stability is very important.  
Phase stability: The crystalline phases existing in the MnOx-ZrO2 system are 
determined by the composition, heat treatment temperatures, and atmosphere. Manganese 
ions can dissolve into zirconia lattice forming solid solutions. Table 2.10 shows the 
phases of MnOx-ZrO2 system made from sol-gel method53. Without Mn, the tetragonal 
zirconia is stable to 873 K, and monoclinic phase appears at 1073 K. With over or equal 
to 20 mol% Mn, the tetragonal phase can be stabilized to 1073 K due to the doping effect. 
And if Mn content is larger than 20 mol%, separated manganese oxide phase appears 
from 873 K. The manganese oxide phases change with the heat treatment temperatures.  
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Table 2.10 The crystalline phases of MnOx-ZrO2 system prepared by sol-gel method53 
T (K) 873 1073 1173 1473 
Mn0Zr1 t-ZrO2 
t-ZrO2, 
m-ZrO2 
m-ZrO2, 
t-ZrO2 
m-ZrO2 
Mn0.1Zr0.9 t-ZrO2 
t-ZrO2, 
m-ZrO2 
m-ZrO2, 
t-ZrO2 
m-ZrO2, 
Mn2O3 (t) 
Mn0.2Zr0.8 t-ZrO2 t-ZrO2 
m-ZrO2, 
t-ZrO2, 
Mn3O4 
m-ZrO2, 
Mn2O3 (t) 
Mn0.5Zr0.5 
t-ZrO2, 
Mn3O4, 
Mn2O3 
t-ZrO2, 
Mn3O4 
m-ZrO2, 
Mn3O4 
m-ZrO2, 
Mn2O3 
Mn0.8Zr0.2 
Mn2O3, 
Mn3O4 
Mn3O4, 
t-ZrO2 
Mn2O3, 
Mn3O4, 
m-ZrO2, 
t-ZrO2 
Mn2O3, 
Mn3O4, 
m-ZrO2 
Mn0.9Zr0.1 
Mn2O3, 
Mn3O4 
Mn3O4, 
t-ZrO2, 
Mn2O3 
Mn2O3, 
Mn3O4, 
m-ZrO2, 
t-ZrO2 
Mn3O4, 
m-ZrO2, 
Mn2O3 (t) 
Mn1Zr0 Mn2O3 
Mn2O3, 
Mn3O4 
Mn2O3, 
Mn3O4 
Mn3O4 
Note: MnxZry: Mn-Zr oxide mixture, x and y are the molar ratio between Mn and Zr. t-
ZrO2: tetragonal zirconia, m-ZrO2: monoclinic zirconia, t: trace amount 
 
 
 
The lattice parameters of tetragonal or cubic zirconia vary with the content of Mn 
ions as well as temperatures (Fig. 2.23)99. It is not easy to explain these data only by Mn 
composition because Mn ions may have different oxidation states in the zirconium oxide 
lattice. The ion radii of Mn4+, Mn3+, and Mn2+ are 0.53 Ǻ (for coordination number 6), 
0.645 Ǻ (for coordination number 6), and 0.96 Ǻ (for coordination number 8), 
respectively. The size of Mn ions will influence the lattice parameters. Secondly, the 
different oxidation state Mn have different solubility in zirconia lattice (Fig. 2.24)100 and 
they form different amount of defects, such as one Mn2+ generates more oxygen vacancy 
than one Mn4+ does in zirconia lattice. The defect concentration and Mn ion solubility 
influence the lattice parameters too. The stabilization effect of Mn on the tetragonal or 
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cubic zirconia can only reach 1073 K. At 1173 K no matter how large amount of Mn in 
the system, monoclinic zirconia appears53. This phenomenon is different with the 
stabilization effect of Si on tetragonal zirconia, where tetragonal phase can be stabilized 
to higher temperature if enough Si dopant is applied73. 
 
 
 
 
Fig. 2.23 Lattice parameters of MnOx-ZrO2 solid solution as a function of the manganese 
content. *: a; o: c.99 
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Fig. 2.24 The solubility limit of dopant in ZrO2 system at 1673 K as a function of cationic 
radius of dopant. Radii in 8-fold coordination (except for Fe and Mn) or in 6-fold 
coordination (Fe and Mn)100. 
 
 
 
Surface area: The values of surface area reported from different researchers vary. 
However, there is a common trend that the surface area of binary oxides (coprecipitated 
or sol-gel samples) is always higher than that of the single component oxide after low 
temperature calcination (Table 2.11)53,101. The surface area of impregnated Mn-ZrO2 is 
lower than that of ZrO2 supports102. The highest surface area of MnOx-ZrO2 powder after 
450 oC heat treatment is reported to be about 185 m2/g24. The surface area decreases as 
heat treatment temperature increases. However, there is no systematic study on the 
thermal stability and properties of MnOx-ZrO2 over 800 oC, which is one of the focuses 
of this dissertation. 
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Table 2.11 The surface area of MnOx-ZrO2 powders53,101 
 SSA of coprecipitated samples (m2/g) SSA of Sol-gel samples (m2/g) 
T (K) 873 1073 873 1073 
Mn0Zr1 6.9 17.7 5 7 
Mn0.1Zr0.9 7.1 5.5 13 6 
Mn0.2Zr0.8 5.9 0.9 61 4 
Mn0.5Zr0.5 56.6 16.4 89 10 
Mn0.8Zr0.2 61.5 27.3 39 16 
Mn0.9Zr0.1 65.9 28.5 34 14 
Mn1Zr0 24.9 5.9 20 12 
Note: MnxZry: Mn-Zr oxide mixture, x and y are the molar ratio between Mn and Zr. 
Samples are calcined at each temperature for 3 hours. 
 
 
 
Redox properties: The reducibility of MnOx is promoted by mixing with ZrO2, 
which can be seen from the H2 consumption peak position in the temperature 
programmed reduction plots as shown in Fig. 2.25101. As the zirconia content increases, 
except pure zirconia sample, the first H2 consumption peak shifts to lower temperatures, 
which means the reduction of MnOx becomes easier. The redox activity depends on the 
calcination temperature and also the manganese precursor. Fig. 2.26 shows the TPR 
peaks shifted to higher temperatures if the tested sample was heat-treated at higher 
temperatures101. This phenomenon should be related with the surface area loss at high 
temperatures. Fig. 2.27 compares the TPR results of two types of MnOx-ZrO2 samples, 
one was made from KMnO4, the other was from Mn(NO3)2. The sample made from 
nitrate shows broader TPR peak and lower H2 consumption peak temperature, which 
means manganese oxide particles disperse better on the zirconia support than those made 
from permanganate98. TPR test is a very important tool to characterize redox properties of 
manganese oxide catalysts, and redox properties are directly related to the catalytic 
activity. So in this dissertation the relationship between thermal stability and redox 
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properties of MnOx-ZrO2 are examined especially for high temperature heat-treated 
samples (>700 oC). 
 
 
 
 
Fig. 2.25 TPR by H2 of Mn-impregnated ZrO2 (Mn/Zr=0.25) and Mn-doped ZrO2 (with 
different Mn/Zr ratios) calcined at 600 oC101 
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Fig. 2.26 TPR by H2 of Mn-doped ZrO2 (Mn/Zr=0.25) calined at different 
temperatures101 
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Fig. 2.27 TPR profiles of MnOx/ZrO2 catalysts and reference spectra (in the middle of the 
plots) of bulk MnOx from potassium permanganate (solid circle) and from manganese 
nitrate (diamond) samples. Effects of the Mn loading and precursor: (A) from 
permanganate (B) from nitrate. The number in the label is the weight percentage of Mn.98 
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3. Experimental techniques and instruments 
 
3.1 X-ray powder diffraction 
X-ray Diffraction (XRD) is a powerful non-destructive technique for 
characterizing crystalline materials. It provides information on structures, phases, crystal 
orientations (texture), crystallite size, crystallinity, strain and crystal defects. The 
instrument used in the experiments of the current research is Siemens D500 X-ray 
diffractometer. The X-ray generator is under the conditions of the working voltage of 40 
kV and the tube current of 30 mA during sample testing. The voltage and tube current 
fluctuated up to ±0.02%. The D500 diffractometer is equipped with a Ni filter in 
conjunction with the Cu Kα radiation (wave length=1.5406 Å). The scan rate was 3 o/min 
and the step size was 0.05 o for crystalline phase identification. And the peak location and 
intensity were compared against the full JCPDS-ICDD database.  
The most intense peak of tetragonal zirconia or Mn2O3 phase was used for 
crystallite size analysis. The scan rate was 0.3 o/min and the step size was 0.01 o in this 
case. The crystallite size was calculated according to the Scherer formula, 
θβ
λ
ε
cos
9.0
=          (3.1) 
where ε is the apparent crystallite size, λ is the wavelength of radiation, β=(B2-b2)1/2 is the 
true broadening of FWHM (in radians), B is the measured FWHM of sample, b is the 
broadening of FWHM due to the instrument and measured using silica crystalline 
particles, and θ is the Bragg angle of the peak. 
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3.2 Nitrogen adsorption analysis 
Nitrogen adsorption analysis is used to characterize the textural properties of 
porous materials, such as the surface area, pore volume, and pore size. The instrument 
used for nitrogen adsorption analysis is NOVA 2200 from Quantachrome Corporation. 
 The specific surface area was calculated by multipoint Brunauer-Emmett-Teller 
(BET) method103. The BET equation is: 
)(11
]1)[(
1
00 P
P
CW
C
CW
P
PW mm
−
+=
−
      (3.2) 
in which P0 is the saturation pressure of adsorbate (N2 in this study) on flat surface, W is 
the weight of adsorbate at a relative pressure P/P0 and Wm is the weight of adsorbate 
constituting a monolayer of surface coverage. The term C is the BET C constant and is 
related to the energy of adsorption of the first adsorbed layer and its value is an indication 
of the magnitude of the adsorbent/adsorbate interactions. 
The BET equation (3.2) requires a linear plot of 1/[W(P0/P)-1] vs. P/P0 which for 
most solids, using nitrogen as the adsorbate, is restricted to a limited region of the 
adsorption isotherm, usually in the P/P0 range of 0.05 to 0.35 (P/P0 between 0.05 and 0.3 
were used in this research.). This linear region is shifted to lower relative pressures for 
microporous materials. The weight of a monolayer of adsorbate Wm is obtained from the 
slope s and intercept i of the BET plot. From equation (3.2) we have, 
CW
Cs
m
1−
=          (3.3) 
CW
i
m
1
=          (3.4) 
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so 
)(
1
is
Wm
+
=          (3.5) 
The total surface area St of the sample using the BET method can be expressed as: 
M
NAWS csmt =          (3.6) 
where N is Avogadro’s number and M is the molecular weight of the adsorbate and Acs is 
the cross-sectional area of adsorbate. Nitrogen is used as the adsorbate for surface area 
determinations since it exhibits intermediate values (50-250) for the C constant on most 
solid surface, precluding either localized adsorption or behavior as a two dimensional 
gas. In the study of Lowell et al104, the C constant of the BET method influenced the 
value of the cross-sectional area of an adsorbate. The acceptable range of C constant for 
nitrogen makes it possible to calculate its cross-sectional area from its bulk liquid 
properties. For the hexagonal close-packed nitrogen monolayer at 77 K, the cross-
sectional area Acs for nitrogen is 16.2 Å2. The specific surface area is the total surface 
area divided by the sample mass. 
To calculate the specific total pore volume Vp a relative pressure of P/P0 equal to 
0.97 was used in the following equation: 
av
s
p M
MvV
ρ
=          (3.7) 
where vs is the volume of gas (at standard temperature and pressure) adsorbed per gram 
of adsorbent at pressure near saturation pressure (P/P0~1), M is the molecular weight, Mv 
is the molar volume, and ρa is the density of the adsorbed phase. The density is generally 
believed to be nearly equal to that of the liquefied adsorbate (N2) at the same temperature.  
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The average pore size can be obtained by assuming that all the pores are 
cylinders. Then, if the entire surface is attributed to the wall of the pores, the average 
pore radius ra is 
BET
p
a S
V
r
2
=          (3.8) 
where Vp is specific total pore volume, and SBET is the specific surface area gained from 
BET method. 
The actual pore radius rp (Fig. 3.1 (a)) is given by 
trr kp +=          (3.9) 
rk is the radius into which condensation occurs at a given relative pressure and it is called 
the Kelvin radius or the critical radius. For nitrogen as adsorbate, 
PP
rk /log
15.4
0
= (Å)        (3.10) 
t in equation (3.9) is the thickness of adsorbed film on the pore wall prior to 
condensation. The common t curve is described closely by the Halsey equation, which for 
nitrogen can be written as 
3/1
0 /log303.2
554.3 


=
PP
t (Å)      (3.11) 
The desorption isotherm is usually used to calculate the pore size distribution, 
because in most cases thermodynamic equilibrium is more nearly complete on this branch 
of the isotherm. The pore size distribution shows the contribution of pores with different 
sizes to the total pore volume. So the volume of different size pores should be evaluated. 
By assuming the pore is cylindrical, the pore volume is directly related with the pore size 
shown in equation (3.9). At the highest pressure, (P/P0)1, all the pores are filled with 
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adsorbed N2, which includes the adsorbed thin film t and the condensed liquid with a 
radius, rk (Fig. 3.1 (a)). When the pressure decreases from (P/P0)1 to (P/P0)2, certain 
volume of N2 gas, ∆V1, desorbs. The desorption should start from the pore 1 with the 
largest size, rp1 (Fig. 3.1 (b)). During this desorption the condensed liquid N2 with a 
radius of rk1 evaporates and the adsorbed thin film with a thickness t1 also becomes 
thinner by ∆t1 (Fig. 3.1 (b)). So the pore volume of the largest pore, Vp1, is related with 
the first time desorption amount, ∆V1, by the following equation: 
2
11
1
1
1 )(
tr
r
V
V
k
pp
∆+
=
∆
        (3.12) 
When the pressure decreases further to (P/P0)3, more N2, ∆V2, desorbs. This time 
the desorption comes not only from the second largest pore with a radius of rp2 (pore 2) 
by releasing the N2 in the cylindrical volume with a radius of (rk2+∆t2), but also from the 
further thinning (∆t2) of the adsorbed film in the largest pore (pore 1). It is obvious that 
∆V2 has to be corrected, i.e. subtracting the volume of pore 1 thinning from ∆V2, before 
it can be used to evaluate the pore volume of the second largest pore, Vp2, in some way 
similar to equation (3.12). However, this kind of correction soon becomes impractical as 
a greater number of pores become involved during the further decrease of P/P0. Barrett-
Joyner-Halenda proposed an approximate way to calculate the correction term and made 
the calculation of the pore volume of different size pores possible in 1951 (see reference 
104 for more detail).105. Since then BJH method has been widely used to calculate the 
pore size distribution for various porous materials. 
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Fig. 3.1 The schematic drawing of (a) N2 adsorption and condensation in a pore (b) the 
desorption process of N2 when pressure P/P0 decreases (only two kinds of pore sizes were 
shown here) 
 
 
 
3.3 Scanning electron microscopy 
The Philips XL30 Environmental Scanning Electron Microscope was used in the 
present research. Samples were Au sputtered for 60 second before morphology 
observation. When Energy Disperse Spectroscopy was used to analyze the chemical 
composition of samples, the gun voltage was 20 kV and the working distance was 12.5 
mm. 
3.4 Transmission electron microscopy 
An analytical transmission electron microscopy (TEM) in Princeton University, 
Philips Model CM200FEG, was used for particle morphology analysis. TEM samples 
were prepared by dispersing powders into acetone and taking one or two drops of the 
t 
rp 
rk 
t1 
rp1 
rk1 
t2 
rp2
rk2 
∆t1 
∆t2 ∆t2 
(a) (b) 
Pore 1 Pore 2
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suspension onto a TEM Cu grid coated with holey carbon film. The samples were then 
air-dried. 
3.5 Thermal analysis 
Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were 
performed at Johnson Matthey Catalytic System Division. Samples were analyzed by a 
simultaneous differential thermal unit (Model SDT 2960, TA Instruments, New Castle, 
DE) from room temperature to over 1000 °C by a 10 °C/min heating rate with a 100 
ml/min of dry air purge. This machine was equipped with a mass scanning spectrometer 
to analyze the emission gas from the sample during the thermal analysis. 
3.6 Redox property and NO adsorption tests 
The reduction activity was tested by temperature programmed reduction (TPR) in 
flowing H2 atmosphere. The detailed procedures for TPR and NO adsorption tests will be 
described in chapter 8 because the theoretical background of the tests are included there. 
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4. The thermal stability of precipitated manganese oxide 
 
4.1 Introduction 
In chapter 2 the preparations of various porous manganese oxides were described. 
The porous material has a well-defined one-dimension tunnel or two-dimension layer 
structure. In order to obtain this kind of pore structure, templates or complicated 
synthesis routes are needed. The surface area values (100 to 350 m2/g) reported for these 
porous materials are mainly in the low temperature range (< 350 oC)92,96. Usually high 
temperature calcination causes dehydration followed by catastrophic pore collapse at 300 
to 600 oC91,106, which limits their high temperature catalytic applications. 
On the other hand, the precipitation of manganese oxide from aqueous salt 
solutions is a simple and effective way to make catalysts. The influence of different types 
of precursors on properties of manganese oxide powder had been investigated42. But 
other factors, such as the influence of precursor concentrations or the precipitation pH, 
which show important effects on properties of zirconia69 and alumina107, have not been 
studied. In this chapter, these precipitation parameters are investigated. 
4.2 Experimental procedures 
Manganese nitrate was obtained from Aldrich (Mn(NO3)2·xH2O, 98%), and 
ammonium hydroxide (NH4OH) 5.02 N standard solution was obtained from Alfa Aesar. 
All chemicals were used as received without further purification. A typical synthesis 
procedure is as follows. Aqueous solutions of Mn(NO3)2 were prepared at concentrations 
varying from 0.025 M to 0.5 M. After stirring for 20 min, they were added to a 5.02 N 
ammonium hydroxide aqueous solution drop by drop through a funnel with the stopcock 
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while continuously stirring. The volume ratio between Mn-precursor solution and 
ammonium hydroxide solution was varied between 1:8 and 5:1. Precipitates were formed 
when the Mn-precursor solution was dropped into ammonium hydroxide. After finishing 
the addition of the Mn-precursor solution, the suspension was stirred for 20 h followed by 
centrifugation and washing with distilled water for six times. The as-synthesized 
precipitates were dried at 70 oC overnight and ground to fine powders before heat 
treatment in air at 500, 700, 900 oC for 4 h, respectively. 
The powder X-ray diffraction, surface area measurement, and microstructure 
observation were carried out as described in chapter 3. The apparent crystallite sizes of 
Mn2O3 samples were determined by using the most intense (222) peak, according to the 
Scherer formula. 
4.3 Results and discussion 
4.3.1 The Mn-precursor concentration effect on the surface area 
Fig. 4.1 shows the behavior of the specific surface area of manganese oxides as a 
function of the concentration of Mn(NO3)2 solutions at different calcination temperatures. 
The volume ratio between the Mn-precursor solution and ammonium hydroxide for all 
the samples was fixed at 1:4. The surface area value for samples made from low 
concentration precursors are significantly higher than those of pure Mn2O3 reported in the 
literature under similar conditions (45 m2/g at 300 oC, 25 m2/g at 600 oC, 6 m2/g at 800 
oC)42,101. After 500 oC heat treatment, it was found that powders produced from lower 
concentration precursors had higher SSA. The similar phenomenon had also been 
observed in the zirconia system69. As the heat treatment temperature increases the SSA 
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decreases and the SSA difference between powders prepared from precursors with 
different concentrations becomes smaller. 
 
 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
0
5
10
15
20
25
30
35
40
45
The volume ratio between Mn(NO3)2 solution 
and ammonium hydroxide is fixed at 1:4
 500oC
 700oC
 900oC
Sp
ec
ifi
c 
Su
rf
ac
e 
A
re
a 
(m
2 /g
)
Concentration of Mn(NO
3
)
2
 solution (mole/L)
 
Fig. 4.1 The surface area of manganese oxide powders at different calcination 
temperatures as a function of the concentration of Mn(NO3)2 solution. All samples were 
calcined at the indicated temperature for 4 hours. 
 
 
XRD results of these samples are shown in Table 4.1. Before heat treatment, the 
powders were β-MnOOH and Mn3O4. The oxidation state of some Mn ions was changed 
to +3 from +2 in the precursor solution, indicating some of the Mn ions were oxidized 
during the precipitation and drying in the air. The color of the precipitates were brownish 
(Mn(OH)2 should be white precipitate) and they further changed to dark brown or black 
upon drying, indicating the oxidation of Mn ions. After the 500 oC heat treatment, except 
for the powder prepared from 0.5 M precursor solution, which contained MnO2 and 
MnO1.88, all other samples became α-Mn2O3. At 700 and 900 oC, all samples were α-
Mn2O3 phase. The crystallite size increases while the surface area decreases as the heat 
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treatment temperature increases for all the samples in the Table 4.1. It indicates that the 
decrease of surface area is related to crystallite growth at elevated temperatures. 
 
Table 4.1 The crystalline phase of manganese oxides from Mn(NO3)2 solutions with 
different concentrations 
Precursor 
concentration 
(Mole/L) 
 0.025 0.05 0.10 0.50 
Before heat 
treatment Phase 
β-MnOOH 
+ Mn3O4 
β-MnOOH 
+ Mn3O4 
β-MnOOH 
+ Mn3O4 
β-MnOOH + 
Mn3O4 
Phase α-Mn2O3 α-Mn2O3 α-Mn2O3 MnO2+MnO1.88 
SSA 
(m2/g) 42.0 39.4 34.1 27.0 
Heat 
treatment at 
500 oC Crystallite 
size (nm) 30.0 32.4 31.7 ------ 
Phase α-Mn2O3 α-Mn2O3 α-Mn2O3 α-Mn2O3 
SSA 
(m2/g) 22.0 24.1 20.0 17.4 
Heat 
treatment at 
700 oC Crystallite 
size (nm) 51.9 65.5 62.4 50.1 
Phase α-Mn2O3 α-Mn2O3 α-Mn2O3 α-Mn2O3 
SSA 
(m2/g) 7.5 8.3 5.9 7.7 
Heat 
treatment at 
900 oC Crystallite 
size (nm) 94.9 69.2 197.9 113.0 
Note: all samples were calcined for 4 hours. 
 
SEM images of powders made from 0.025 M, 0.1 M, and 0.5 M precursors are 
shown in Fig. 4.2 to Fig. 4.4. Fig. 4.2 shows the morphology of powders before the heat 
treatment. All the powders contain layered structure grains. These grains could be β-
MnOOH phase according to Table 4.1 because the plate-like β-MnOOH grain had been 
reported by Bricker et al108. 
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Fig. 4.2 SEM images of manganese oxide powders made from (a) 0.025 M, (b) 0.1 M, 
and (c) 0.5 M Mn(NO3)2 solutions before heat treatment 
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Fig. 4.3 SEM images of manganese oxide powders made from (a) 0.025 M, (b) 0.1 M, 
and (c) 0.5 M Mn(NO3)2 solutions after 500 oC-4 h heat treatment 
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Fig. 4.4 SEM images of manganese oxide powders made from (a) 0.025 M, (b) 0.1 M, 
and (c) 0.5 M Mn(NO3)2 solutions after 900 oC-4 h heat treatment 
 
 
 
The 500 oC-4 h calcined powders inherited the morphology of un-heat treated 
powders (Fig. 4.3) although they had transformed to oxides from hydroxides (Table 4.1). 
And the powder made from lower concentration precursor has thinner plates compared to 
the powder made from higher concentration precursor. The average plate thickness 
1µm 
1µm 
1µm 
(a) 
(c) 
(b) 
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measured by visual inspection of these SEM pictures is 32±7.5 nm, 35±6 nm, and 40±9 
nm for the powders made from 0.025 M, 0.1 M, and 0.5 M precursors, respectively. After 
900 oC-4 hours heat treatment, all powders became spherical and these spheres were 
highly sintered to each other (Fig. 4.4). There was no apparent difference between the 
powders made from precursors with different concentrations at this temperature. 
4.3.2 The effect of reactant volume ratios on the surface area 
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Fig. 4.5 The surface area of manganese oxide powders at different calcination 
temperatures as a function of the volume ratio between Mn(NO3)2 solutions and 
ammonium hydroxide. All samples were calcined at the indicated temperature for 4 h. 
 
 
The relationship between the SSA and the volume ratio of the Mn-precursor 
solution to ammonium hydroxide is shown in Fig. 4.5. The concentration of the precursor 
was fixed at 0.1 M, and the precursor solution was added dropwise to a particular amount 
of ammonium hydroxide according to the volume ratio. When a lager amount of 
 70
ammonium hydroxide was used, the specific surface area of the powder produced was 
higher after 500, 700, and 900 oC heat treatment. XRD results of samples made from 
different reactant ratios are shown in Table 4.2. Before heat treatment the powders made 
from larger amounts of ammonium hydroxide are mixtures of Feitknechtite (β-MnOOH) 
and Hausmannite (Mn3O4) phases, while the powder made using the least amount of 
ammonium hydroxide is Hausmannite phase only. After 500 oC-4 hours heat treatment 
the samples transformed to α-Mn2O3 and the latter became α-Mn2O3 and MnO2. 
However, there is no phase difference between the powders made from different reactant 
volume ratios after 700 and 900 oC heat treatment. 
 
 
Table 4.2 The crystalline phase of manganese oxides from different volume ratios 
between the Mn(NO3)2 solution and ammonium hydroxide 
Precursor 
solution/ 
Ammonia 
(vol. ratio) 
 1/8 1/4 1/1 5/1 
Before heat 
treatment Phase 
β-MnOOH 
+ Mn3O4 
β-MnOOH 
+ Mn3O4 
β-MnOOH 
+ Mn3O4 
Mn3O4 
Phase α-Mn2O3 α-Mn2O3 α-Mn2O3 
α-Mn2O3+ 
MnO2 
Heat 
treatment at 
500oC SSA (m2/g) 42.9 34.1 24.9 10.3 
Phase α-Mn2O3 α-Mn2O3 α-Mn2O3 α-Mn2O3 Heat 
treatment at 
700oC 
SSA 
(m2/g) 26.9 20.0 10.2 7.0 
Phase α-Mn2O3 α-Mn2O3 α-Mn2O3 α-Mn2O3 Heat 
treatment at 
900oC 
SSA 
(m2/g) 8.1 5.9 5.0 2.9 
 
 
The morphology of the powders made from different amounts of ammonium 
hydroxide are shown in Fig. 4.6 to Fig. 4.8. The particle shape before heat treatment 
changes gradually from plate like to spherical as the amount of ammonium hydroxide 
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used for the precipitation decreased (Fig. 4.6), which is consistent with the crystalline 
phase evolution shown in Table 4.2 (An isotropic morphology for Mn3O4 and a platy 
hexagonal morphology for β-MnOOH had been reported by previous studies108.). 
 
 
 
Fig. 4.6 SEM images of manganese oxide powders made from different precursor 
solution/ammonium hydroxide volume ratios: (a) 1:8 (b) 1:1 (c) 5:1 before the heat 
treatment 
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Fig. 4.7 SEM images of manganese oxide powders made from different precursor 
solution/ammonium hydroxide volume ratios: (a) 1:8 (b) 1:1 (c) 5:1 after 500 oC 4 hour 
heat treatment 
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500nm
500nm
(a) 
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Fig. 4.8 The SEM image of manganese oxide powder made from different precursor 
solution/ammonium hydroxide volume ratios: (a) 1:8 (b) 1:1 (c) 5:1 after 900 oC 4 hour 
heat treatment 
 
 
Heat treatment at 500 oC did not alter the particle morphology but all the particles 
grew to larger sizes compared to that before heat treatment (Fig.4.7). However, the 
particle morphology after 900 oC-4 h heat treatment changed significantly and all the 
particles became highly sintered spheres (Fig. 4.8), which was very similar to the 
1µm 
1µm
1µm
(a)
(c)
(b)
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situation discussed in the previous section for the powders made from precursors with 
different concentrations after the 900 oC calcination. This microstructure similarity for all 
the 900 oC heat-treated powders provides a reasonable explanation for the almost 
constant surface area values at this temperature (Fig. 4.1 and Fig. 4.5). 
The surface area values of 500oC heat-treated samples in Fig. 4.1 and 4.5 were 
combined together in Fig. 4.9 and presented as a function of the Mn(NO3)2 concentration 
in the final precipitated suspensions. The data do not obey a single trend although 
generally speaking lower Mn(NO3)2 concentration results in higher surface area powders. 
When large amounts of ammonium hydroxide were used (samples on or above the solid 
line of Fig. 4.9), the dominant morphology of the powders was plate like. Lower 
Mn(NO3)2 concentration solutions generated thinner plates, which gave higher surface 
areas. 
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Fig. 4.9 Summary of data from Fig. 4.1 and 4.5 presented as a function of the Mn(NO3)2 
concentration in the final suspensions with the schematic drawing of the dominated 
particle morphology 
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On the other hand, if the amount of ammonium hydroxide decreased (the samples 
on the dashed line and below the solid line), the dominant morphology of the resulting 
powders changed from plate-like to spherical. The plate-like powders should have higher 
surface areas than the spherical powders because a sphere has the lowest exposed surface 
compared to one-dimensional rods and two-dimensional plates. 
When the precursor was added to a large volume of ammonium hydroxide, the pH 
of the final suspension did not change much compared to the pH of the initial ammonium 
hydroxide (pH~10.5). However, when the precursor was added to a small volume of 
ammonium hydroxide, the pH of the system decreased more significantly. It was 
observed that for the case of the lowest precursor/ammonium hydroxide volume ratio 
(1:8), the decrease in pH was 0.3. On the other hand, for the case of the highest 
precursor/ammonium hydroxide volume ratio (5:1), the decrease in pH was 1.7. 
According to Bricker et al., under the conditions of high pH and oxidation atmosphere β-
MnOOH and Mn3O4 mixtures could be formed; while under low pH conditions Mn(OH)2 
could be formed preferably. Mn(OH)2 transformed to Mn3O4 under slow oxidation rate 
and to mixtures of β-MnOOH and Mn3O4 under fast oxidation rate108. It seems that the 
preparation using smaller amount of ammonium hydroxide approaches the low pH and 
slow oxidation conditions gradually. As a result, the powders’ crystalline phase changed 
from β-MnOOH and Mn3O4 mixtures to Mn3O4 when different amount of ammonium 
hydroxide was used (see Table 4.2). 
The morphology is different for β-MnOOH and Mn3O4 particles. This 
morphology difference was inherited by the 500 oC heat-treated powders and they 
showed different surface areas accordingly. Fig. 4.9 suggests that in order to get higher 
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surface area powders, lower concentration Mn(NO3)2 solutions and larger volumes of 
ammonium hydroxide should be used. 
4.4 Chapter summary 
Manganese oxide powders were made by dropping Mn(NO3)2 solutions into 5.02 
N ammonium hydroxide. Manganese oxides with higher surface area after calcination at 
500 oC could be made by using either lower concentrations of Mn(NO3)2 solution or 
smaller volume ratio of Mn-precursor to ammonium hydroxide. It was found that the 
surface area difference between manganese oxides made from different precipitation 
conditions came from the variations of particle morphology. When a large amount of 
ammonium hydroxide was used in precipitation, the synthesized powder had plate like 
morphology. Thinner plates were synthesized by using lower concentration of Mn(NO3)2 
solution and resulted in higher specific surface area. When a small amount of ammonium 
hydroxide was used, the synthesized powder had spherical particles with lower specific 
surface areas compared to plate-like samples. The surface area differences between these 
powders synthesized by different conditions decreased as the calcination temperatures 
increased from 500 oC to 900 oC because the high temperature calcination eliminated the 
morphology difference between these powders and sintered the powders. 
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5. Curing and Si doping effects on the thermal stability of zirconia powders 
 
5.1 Introduction 
As mentioned in chapter 2, digestion (curing) of hydrous zirconia in basic 
solution has three advantages on the property of synthesized zirconia powders80-84. One is 
the higher surface area compared to non-digested powders, the second is the tetragonal 
phase of zirconia can be stabilized up to 1000 oC, and the third is the larger pore size and 
pore volume (reported for sol-gel derived zirconia), which can be beneficial to the 
transportation of reactants during catalytic reactions. However, the reason for the 
property improvement is not clear. Many mechanisms were proposed, such as 
dissolution-reprecipitation of hydrous zirconia to form strengthened particle network and 
less-defective particles. But the evidence to support these explanations was indirect and 
ambiguous. Recently Satoshi Sato et al. used quartz glass as a silica source to deposit 
silica on zirconia and obtained very high surface area powders86. The presence of silica 
indicates another possible explanation for the digestion effect. 
SiO2 dissolves in the alkaline solution and the dissolution rate increases steeply 
with an increase in the pH of the solution as pH>8. Both the dissolution rate and the 
solubility of SiO2 increase with increasing temperatures. Even in the case of using 
borosilicate glass such as Pyrex, which is the material for most beakers and flasks, silica 
species dissolve in the alkaline solution. During digestion of hydrous zirconia, silica 
species may dissolve from flasks and deposit on the surface of hydrous zirconia. The 
silica species can increase the thermal stability of zirconia significantly73. This could 
provide a possible explanation why the digestion effect on the surface area of zirconia 
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became stronger when it was conducted at higher temperatures and more basic 
conditions. So the digestion effects previously reported80-84 may be mixed with the silica 
doping effects. In order to separate these two factors, we prepared and cured hydrous 
zirconia suspensions in Teflon flasks, which involved only the digestion effect without 
the interference of silica. Silica doping effects on cured or uncured zirconia were 
investigated by introducing different amount of tetraethyl orthosilicate (TEOS) into the 
suspensions of cured or uncured hydrous zirconia. 
5.2 Experimental procedures 
Zirconium precursor was zirconyl nitrate (ZrO(NO3)2) stock solution obtained 
from Johnson Matthey (Zr: 199 g/L, Hf: 3.98 g/L, special gravity: 1.435 g/cm3). 
Ammonium hydroxide (NH4OH) 5.02 N standard solution was from Alfa Aesar. TEOS 
was purchased from Aldrich (98%). The water used was distilled water. All chemicals 
were used as received without further purification. 
50 ml of 0.33 M ZrO(NO3)2 solution was added drop by drop to a Teflon flask 
containing 200 ml of 5.02 N NH4OH with rigorous magnetic stirring. Zirconium 
hydroxide was precipitated due to the high pH condition of about 11 (tested by pH 
paper). After the ZrO(NO3)2 solution was completely added, the suspension was kept 
stirring for half an hour. The precipitates were centrifuged and dried at 70 °C in air 
overnight. The obtained hydrous zirconia powders were labeled the uncured ZrO2. Curing 
was performed after precipitation but before centrifugation by heating the precipitates in 
the mother liquid to 75 °C and holding for 5 days. The pH of the suspension after curing 
was about 10. The addition of Si was implemented by adding various amount (0.42 g, 
1.26 g, 2.52 g, and 4.2 g, respectively) of TEOS:2-propanol:H2O (1:3:1 molar ratio) 
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solution dropwise to the uncured or cured zirconium hydroxide suspensions. The pH of 
the suspension should not change much because of the small amount of TEOS used. The 
Si content in ZrO2 was 1.38, 3.91, 7.22, and 10.90 wt%, respectively. In order to test the 
influence of the sequence of adding silica and curing, one silica-doped sample (1.38 wt% 
Si) was prepared by adding 0.42 g TEOS solution first to the as-synthesized hydrous 
zirconia suspension followed by curing. All the powders were collected by 
centrifugation, dried at 70 °C in air similar to the uncured ZrO2. Washing was not 
conducted to avoid the possible loss of Si or Zr during washing. The centrifuged 
supernatants of the Si doped samples were tested by ICP to make sure there was no Zr or 
Si loss during processing. As a result, the final compositions of the powders were 
consistent with the nominal values and the comparison between cured and uncured 
samples was based on the same Si content. Calcination of samples was conducted in air at 
500, 700, and 900 ºC for 4 h respectively by a heating and cooling rate of 5 oC/min. 
The procedures for XRD, DTA/TGA, TEM characterization, surface area and 
pore size measurements were described in chapter 3. 
5.3 Results and discussion 
5.3.1 Surface area and pore structure 
Fig. 5.1 shows the behavior of specific surface area (SSA) as a function of Si 
content. For pure zirconia (Si content is zero), there is almost no difference on the 
specific surface area between the cured and uncured sample after 500, 700, and 900 °C 4-
hour calcination. The cured zirconia has less than a 10% increase of SSA compared to the 
uncured zirconia at 500 oC and the SSA difference between the cured and uncured 
 80
zirconia after 900 oC heat treatment is nearly zero. Higher curing temperature (105oC) 
was also tested for pure zirconia. The surface area values after 500 oC 4 hour heat 
treatment are 95 m2/g and 104 m2/g for samples cured at 105 oC for 1 day and 3 days, 
respectively. This phenomenon is in contrast with the results of Chuah et al.80-83, who 
reported significant surface area increase after digestion. As the Si content in ZrO2 
increases, the SSA of both the uncured and cured ZrO2 at the three calcination 
temperatures, 500, 700, and 900 °C, increase dramatically. For silica-doped zirconia, the 
cured samples have higher SSA than the uncured samples. In order to make sure that the 
above information is repeatable, some of the samples in Fig. 5.1 were repeated once, 
which are shown in Table 5.1. The data in Table 5.1 confirms that curing does not 
significantly increase the specific surface area of pure zirconia after high temperature 4 
hours heat treatment but curing can increases the surface area of Si doped zirconia. 
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Fig. 5.1 Effect of curing and Si concentration on the specific surface area of ZrO2 
powders. All samples were calcined for 4 hours at the indicated temperatures before 
measurement. 
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Table 5.1 The textural properties of cured and uncured zirconia powders 
 SSA (m2/g) Pore vol. (cc/g) Pore size (nm)
Sample 1 2 1 2 1 2 
Uncured ZrO2, 500 oC 4 h 86 87 0.16 0.10 7.7 4.7 
75 oC 5 days cured ZrO2, 500 oC 4 h 91 93 0.25 0.23 11.0 9.8 
Uncured 1.38 wt% Si-ZrO2, 500 oC 4 h 125 122 0.10 0.11 3.1 3.7 
75 oC 5 days cured 1.38 wt% Si-ZrO2, 
500 oC 4 h 168 150 0.25 0.24 5.9 6.8 
 
 
 
Instead of adding Si after curing, silica-doped sample created by adding Si before 
curing was also investigated. Fig.5.2 compares the results of SSA of two cured silica-
doped samples. One sample was obtained by curing the ZrO2 first followed by the 
addition of TEOS. The other sample was cured after adding TEOS. The SSA results of 
these two samples show very little difference. Therefore, the effect of curing on silica-
doped ZrO2 does not depend on the sequence of the doping and curing. In this study, the 
cured silica-doped samples were all prepared by curing first and followed by doping. 
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Fig. 5.2 Effect of curing and silica-doping sequence on the specific surface area of ZrO2 
powders. All samples were calcined for 4 hours at the indicated temperature before 
measurement. 
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The average pore size decreases with Si content first and then marginally 
increases at higher Si content as shown in Fig. 5.3. Both the cured samples and the 
uncured samples have similar behavior except the cured samples have larger pore size. 
The decrease in pore size can be explained by the fact that the silica-doped ZrO2 have 
smaller crystallite/primary particles (see Table 5.2). It was reasonable to expect smaller 
pores among smaller particles. Why the pore size increases at higher Si content is not 
understood at the moment. Note that the pore size of the cured pure ZrO2 is larger than 
that of the uncured pure ZrO2. This is different from the behavior of SSA where no 
significant difference between the cured and the uncured ZrO2 was found. Fig. 5.3 also 
indicates that powders heat-treated at higher temperatures have larger pore size. 
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Fig. 5.3 Effects of curing and Si concentration on the average pore size of ZrO2 powders. 
All samples were calcined for 4 hours at the indicated temperatures before measurement. 
 
 83
0 2 4 6 8 10 12
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Solid symbols: uncured samples
Open symbols: cured samples
 500oC,  700oC,  900oC
 500oC,  700oC,  900oC
To
ta
l p
or
e 
vo
lu
m
e 
(c
c/
g)
Si content (wt%)  
Fig. 5.4 Effects of curing and Si concentration on the total pore volume of ZrO2 powders. 
All samples were calcined for 4 hours at the indicated temperatures before measurement. 
 
 
 
The behavior of total pore volume for the uncured samples is similar to that of the 
average pore size. It decreases first and then increases with Si content, as shown in Fig. 
5.4. For the cured samples, the decrease in total pore volume at small Si addition is 
negligible and the data shows continuous increase with Si content. Also, the pore volume 
of the cured samples is larger than that of the uncured samples, which is independent of 
the Si content. 
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Fig. 5.5 Pore size distributions of uncured (solid line 1, 2, 3) and cured (dash line A, B, 
C) pure ZrO2 powders after calcined for 4 hours at different temperatures 
 
 
 
The information shown in Fig. 5.3 and 5.4 are either a cumulative result (total 
pore volume) or a derived averaging result (average pore size). In order to get more direct 
information about the pore structure of zirconia, the pore size distributions were 
examined. Fig. 5.5 shows the pore size distribution of the cured and uncured ZrO2. The 
cured ZrO2 is shown to have a larger pore size and broader distribution. As the heat-
treatment temperature increases, the pore size increased and the distribution become 
broader. Fig. 5.6 shows the pore size distribution of the uncured ZrO2 at 500 °C-4 hr as a 
function of Si content. As the Si content increases, the pore size first decreases and then 
increases. The distribution is narrow at low concentrations of Si but become broader at 
higher Si contents. Fig. 5.7 shows the pore size distribution of cured ZrO2 at 500 °C-4 hr 
as a function of Si content. The behavior is similar to that of the uncured samples as 
shown in Fig. 5.6. 
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Fig. 5.6 Effect of Si-doping on the pore size distribution of uncured ZrO2 powders. All 
samples were calcined at 500 oC for 4 hours. Line 3 is shown by the dash line. 
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Fig. 5.7 Effect of Si-doping on the pore size distribution of cured ZrO2 powders. All 
samples are calcined at 500 oC for 4 hours. 
 
 
 
The pore size distribution of uncured and cured ZrO2 with 1.38 wt% Si as a 
function of temperature is shown in Fig. 5.8. The uncured samples have smaller pores 
compared to the cured samples, which is consistent with the pore size distribution of pure 
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ZrO2 samples in Fig. 5.5. The high temperature calcinations caused the pore size 
distribution shift to higher values and the capability of the samples to absorb gas 
decreased. 
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Fig. 5.8 The pore size distribution of uncured 1.38 wt% Si doped ZrO2 (line 1,2,3), cured 
1.38 wt% Si doped ZrO2 (line A,B,C). All samples were calcined for 4 hours at the 
indicated temperatures. 
 
 
The pore structure differences between cured and uncured samples are consistent 
with the Chuah’s results on the digestion of sol-gel zirconia83. The microstructure 
evolution of digested zirconia was also studied by Zeng et al. using SAXS84. They found 
after digestion, the zirconia particles were smoother and packed in a fractal structure. 
Longer digestion time generated branchier particle structure and larger distances between 
particles within one cluster. The information indicate that digested powders have larger 
pore size and pore volume, which is also in agreement with our N2 adsorption 
measurements. During curing or digestion, the hydrous zirconia at the convex part 
dissolves and reprecipitates at the concave part, such as the contact between two 
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particles, so the particle surface becomes smooth and more importantly the neck between 
two particles forms and grows. So the particle network is strengthened during curing or 
digestion, and the stronger network sustains the capillary force during drying and thermal 
force during calcination. This leave digested or cured powders with larger pore size and 
pore volume because of reduced network restructuring during drying and calcination. 
 
Table 5.2 The crystalline phases of pure ZrO2 and silica doped ZrO2 powders 
 500 oC 700 oC 900 oC 
 Uncured Cured Uncured Cured Uncured Cured 
Pure ZrO2 T+M T+M M+T M+T M+T M+T 
1.38 wt% 
Si 
T (10.3a, 
13.8b) 
T (6.4a, 
10.2b) 
T (10.3a, 
13.9b) 
T (7.3a, 
11.1b) 
+M (t) 
T (12.0a, 
16.3b) + 
M (t) 
T (10.8a, 
15.5b) + 
M (t) 
3.91 wt% 
Si A A T (8.4) T (5.3) T (9.0) T (6.8) 
7.22 wt% 
Si A A A A T (6.0) T (5.0) 
10.90 wt% 
Si A A A A T (4.8) T (4.3) 
Note: A-amorphous, M-monoclinic ZrO2, T-tetragonal ZrO2, t-trace amount, the numbers 
in the parentheses are the crystallite size in nm. 
a, samples from the batch 1; b, samples from the batch 2. 
 
 
 
Table 5.2 shows the crystalline phase and crystallite size of pure ZrO2 and silica-
doped ZrO2. Curing has no apparent effect on the crystalline phase of ZrO2. But silica 
doping clearly delays the crystallization of ZrO2 and stabilizes the tetragonal phase. 
According to del Monte et al. Si4+ did not substitute Zr4+ to form solid solution because 
the radius of Si4+ (40 pm) was much smaller than the radius of Zr4+ (84 pm) and also 
oxygen vacancies could not be generated from this substitution73. Si-O-Zr bonds could be 
formed109 and ZrO2 was constrained by the surrounding SiO273,110,111. This constrained 
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effect made the tetragonal zirconia stable and prevented ZrO2 coming together to nucleate 
and grow, so the crystallization and grain growth of ZrO2 were hindered73. In Table 5.2 
the crystallite size of tetragonal ZrO2 becomes smaller as the Si content in the powder 
increases. Cured silica-doped ZrO2 samples have smaller crystallite size compared to 
uncured silica-doped ZrO2 samples. The relationship between smaller crystallite size and 
larger surface area had been shown by several researchers112. One way to look at it is that 
crystallite size represents the primary particle size and it can be related to the surface area 
according to the equation (2.6) for isolated spheres, which was repeated here again. 
d
SSA
ρ
6
=          (5.1) 
where ρ is the density and d is the diameter of the particle. Smaller particle size results in 
larger surface area according to equation (5.1). Smaller crystallite size also means 
particles grow slowly, indicating sintering is slow and higher SSA can be expected. The 
crystallite data in Table 5.2 implies that higher surface area should be expected when Si 
content increases in the powders and also cured silica-doped ZrO2 has larger specific 
surface area compared to uncured silica-doped ZrO2. 
5.3.2 Thermal analysis 
The DTA results of the uncured and cured ZrO2 are shown in Fig. 5.9(a) and 
5.9(c) and they are very similar in terms of thermal reaction and weight loss. There are 
two low temperature endothermic peaks around 83.7 and 155.1 °C in the DTA curve of 
the uncured ZrO2 and one such peak around 102 °C in the DTA curve of the cured ZrO2, 
which corresponds to the evaporation of adsorbed water. This is confirmed by the local 
maxima on the differential weight loss curve and the H2O signal from the mass scanning 
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spectroscopy of the gaseous products (Fig. 5.9(b) and (d)). In the temperature range from 
350 to 450 °C, the weight loss corresponds to the decomposition of nitrate. Although this 
decomposition is not very clear on the mass scanning spectroscopy of cured ZrO2 (Fig. 
5.9(d)), it is confirmed by the peaks of the NO and NO2 signals from the mass scanning 
spectroscopy of the uncured ZrO2 in the same temperature range (Fig. 5.9(b)). The 
crystallization temperature of tetragonal ZrO2 for either the uncured or cured ZrO2 is 
around 450 °C. There is no specific peak to indicate the tetragonal to monoclinic phase 
transformation although the 500 °C 4 hours treated ZrO2 samples show a mixture of 
tetragonal and monoclinic phases (see Table 5.2). The reason for the mixed phases 
formation can be that the tetragonal to monoclinic phase transformation happens during 
cooling instead of heating113. 
There are also CO2/N2O signals from the gaseous products for both the cured and 
the uncured ZrO2. This may be due to the impurity carbon in the raw materials or carbon 
dioxide absorbed from the air during processing because of the high pH processing 
condition. 
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Solid arrows: the event of dehydration; dotted arrows: the event of nitrate decomposition 
(b) 
Fig. 5.9 (a) TG/DTA/DTG (dash line) curves of uncured ZrO2 (b) combined mass 
spectroscopy curves of gaseous products from (a), the numbers in the label are the 
molecular mass and 18-H2O 30-NO 44-CO2/N2O 46-NO2 (c) TG/DTA/DTG (dash line) 
curves of cured ZrO2 (d) combined mass spectroscopy curves of gaseous products from 
(c), the numbers in the label are the molecular mass and 18-H2O 30-NO 44-CO2/N2O 46-
NO2 
 
 
 91
0 200 400 600 800 1000
75
80
85
90
95
100
105
456.5oC
454oC
384oC
102oC
D
er
iv
. W
ei
gh
t (
%
/o C
)
Te
m
pe
ra
tu
re
 D
iff
er
en
ce
 (o
C
/m
g)
W
ei
gh
t (
%
)
Temperature (oC)
-0.12
-0.08
-0.04
0.00
0.04
0.08
 
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
 
 
(c) 
0 200 400 600 800 1000
1E-13
1E-12
1E-11
1E-10
1E-9
1E-8
Io
n 
C
ur
re
nt
 (A
)
Temperature (oC)
 18
 30
 44
 46
 
(d) 
Fig. 5.9 (continued) 
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Solid arrows: the event of dehydration; dotted arrow: the event of oxidation of organic 
groups 
(b) 
Fig. 5.10 (a) TG/DTA/DTG (dash line) curves of uncured ZrO2 with 7.22 wt% Si (b) and 
(c) combined mass spectroscopy curves of gaseous products from (a), the numbers in the 
label are the molecular mass and 18-H2O 30-NO 44-CO2/N2O 46-NO2 (d) TG/DTA/DTG 
(dash line) curves of cured ZrO2 with 7.22 wt% Si (e) and (f) combined mass 
spectroscopy curves of gaseous products from (c), the numbers in the label are the 
molecular mass and 18-H2O 30-NO 44-CO2/N2O 46-NO2 
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Fig. 5.10 (continued) 
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The DTA result of 7.22 wt% Si-doped ZrO2 is shown in Fig. 5.10. They have the 
same common features as those of the pure ZrO2, such as low temperature endothermic 
peaks for water desorption and the decomposition of nitrate. However the crystallization 
of ZrO2 is delayed by the silica doping to around 800 °C for both the cured and uncured 
samples. The results are consistent with the phenomenon that higher Si content samples 
show tetragonal phase at higher temperatures (Table 5.2). At the same time, it also 
indicates that the difference in the crystallite size between silica doped cured and uncured 
samples should come from the powder structural difference rather than the doping 
process. There is an exothermic peak for silica-doped ZrO2 at about 280 °C. There are 
also strong CO2/N2O signals from the gaseous products around this temperature. 
Considering that TEOS was used as the Si source for Si doped samples, this peak can be 
attributed to the oxidation of hydrocarbon groups. 
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5.3.3 Microstructure 
 
(a)     (b) 
Fig. 5.11 The particle morphology of (a) uncured and (b) cured hydrous zirconia, and the 
inset at the upper-left corner is the diffraction pattern. 
 
 
 
The TEM pictures of cured and uncured pure hydrous zirconia are shown in Fig. 
5.11. Both of these two hydrous zirconia powders have similar morphology and size. The 
size of hydrous zirconia aggregates is around 0.2 to 1 µm (Fig. 5.11(a) and (b)). The 
electron diffraction patterns of hydrous zirconia are shown in Fig. 5.11 too. Both of the 
cured and uncured hydrous zirconia are amorphous, but cured hydrous zirconia tends to 
be more crystalline. This is because at a temperature above 85 oC hydrous zirconia starts 
to transform to monoclinic phase114. And curing provides more preferable conditions for 
this transformation compared to un-curing process. After 500 oC 4 hours heat treatment, 
hydrous zirconia transforms to crystalline zirconia according to XRD results. However, 
500nm
20µm 
500nm
20µm
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the aggregate size does not change and is still around 0.2 to 1 µm (Fig. 5.12(a) and (b)). 
The primary particles of the cured and uncured zirconia have the similar size around 10 
nm (Fig. 5.12(c) and (d)). This result is consistent with the similarity on the surface area 
of the cured and uncured zirconia.  
In contrast, the primary particles of 7.22 wt% Si doped zirconia after 500 oC 4 h 
heat treatment are much smaller compared to pure zirconia and show amorphous 
characteristics (Fig. 5.13(a) and (b)). It confirms that SiO2 dopant inhibits the grain 
growth of zirconia and delays the crystallization. However, it is impossible to evaluate 
the surface area difference between the cured and uncured Si doped zirconia from these 
microstructure images because of the irregularity of the particle morphology. 
 
(a)      (b) 
Fig. 5.12 The particle morphology of (a) uncured and (b) cured zirconia after 500 oC 4 
hours heat treatment. (c) and (d) are high magnification images, respectively. 
 
200nm 200nm
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(c)      (d) 
Fig. 5.12 (continued) 
 
 
(a)     (b) 
Fig. 5.13 The morphology of (a) uncured and (b) cured 7.22 wt% Si doped zirconia after 
500 oC 4 hours heat treatment 
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5.4 Chapter summary 
For the first time the effect of curing on the textural properties of zirconia 
powders was studied without the influence of silica doping and the combination effects of 
curing and silica doping were systematically illustrated by curing ZrO2 powders in a 
Teflon flask and then doped with different amount of TEOS solutions (0-10.9 wt% Si in 
ZrO2). Curing increases the pore volume and pore size of pure ZrO2 powders but has 
negligible effect on the particle morphology and the specific surface area of powders 
after 4 hours heat treatment at elevated temperatures. Silica dopant can delay the 
crystallization, stabilize the tetragonal phase of ZrO2, and retard the crystallite growth. 
The Si effects do not depend on whether zirconia is cured or not. However, silica dopant 
increases the surface area more significantly for the cured ZrO2 than for the uncured 
zirconia. Additionally, the pore size and pore volume can be controlled by varying the 
concentration of silica dopant too. 
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6. Time evolution study of textural properties of zirconia powders 
 
6.1 Introduction 
In chapter 5 the textural properties (surface area, pore volume, pore size) of cured 
and uncured zirconia were reported after high temperature (500, 700, and 900 oC) 4 hours 
calcination. For pure zirconia, curing has negligible effect on the specific surface area, 
but cured SiO2 doped zirconia has significantly higher surface area than uncured SiO2 
doped zirconia (Fig. 5.1). This behavior is not easy to understand because previous 
results were obtained only at high temperature ranges and a fixed calcination time. 
Investigation on the textural properties change of zirconia samples between room 
temperature and 500 oC, which corresponds to the transforming from hydrous zirconia to 
crystalline zirconia, and the properties evolution with time at a fixed calcination 
temperature, such as 500 oC, can provide more information on how different zirconia 
powders, for example cured and uncured, silica doped and pure, respond to heat 
treatment. 
The evolution study in the literature was focused on the sintering kinetics of 
powder compacts. The object under investigation is the shrinkage or surface area 
reduction of the powder compact under constant heating rate115,116 or isothermal 
conditions46,117. Then sintering mechanism or activation energy can be derived from these 
kinetic plots. R. M. German and Z. A. Munir pointed out that the surface area reduction 
under isothermal condition during the initial stage sintering can be used to predict the 
sintering mechanism, shown in equation (2.3) and Table 2.145. The linear relationship 
between log(∆S/S0) and log(t) shown in equation (2.3) has been confirmed by many 
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isothermal sintering studies using micro size particles118. For us more interesting 
information from their study is the surface area reduction is related to the particle 
coordination number in the powder compact (see equation (2.3), Fig. 2.2, and 2.3). And 
the particle coordination number can be estimated from the powder packing density (Fig. 
6.1)45. 
The pore volume and pore size of cured and uncured zirconia in chapter 5 are 
very different regardless of SiO2 doping amount and heat treatment temperatures. The 
pore volume or porosity was related to particle packing density45,47,119 and can be shown 
by the following equation. 
dt
p V ρ
ρ
+
=
1
1         (6.1) 
ρp is the packing density, ρd is the density of the particle, and Vt is the total pore volume. 
 
 
 
Fig. 6.1 The relationship between packing density and particle coordination numbers. 
Solid line-regular packing, dashed line-random packing45. 
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Fig. 6.1 and equation (6.1) indicate that we can use different particle coordination 
numbers to symbolize the structural difference of cured and uncured powders. How the 
packing configuration influences the textural properties and thermal stability of zirconia 
powders under isothermal conditions is a topic of this chapter. 
6.2 Experimental procedure 
The cured or uncured hydrous zirconia precipitates used in this chapter were made 
in the same way as reported in chapter 5. After drying at 70 oC overnight, small batch of 
powders were directly measured by NOVA 2200 for BET surface area and pore size 
analysis. The rest of powders were divided into several batches and heated to 200, 400, 
and 500 oC by 5 oC/min in alumina crucibles. As soon as the temperatures reached the 
desired value, the crucibles were taken out of the box furnace and quenched to room 
temperature in air. Then the surface area and pore size measurements were conducted on 
these calcined samples. For the isothermal behavior, samples were heated to 500 oC or 
700 oC by 5 oC/min and stayed at the temperature for the desired amount of time, then 
they were either air-quenched (if the dwelling time ≤30min) or furnace cooled (if the 
dwelling time >30min) to room temperature. 
6.3 Results and discussion 
6.3.1 The surface area and pore structure evolution 
The specific surface area evolution of zirconia powders with calcination 
temperature up to 500 oC and its isothermal behavior at 500 oC is shown in Fig. 6.2. The 
total pore volume of these samples at the same conditions is shown in Fig. 6.3. These two 
figures indicate that curing indeed increases the surface area and total pore volume of 
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zirconia powders if no or only low temperature heat treatment is involved. After long 
time heat treatment at higher temperature, such as 500 oC 4 h, the difference on total pore 
volume between cured and uncured samples still exists regardless the Si content. 
However, the difference in specific surface area can only be maintained by silica-doped 
samples but not by pure zirconia samples. The evolution information provided us a new 
angle to look at the textural properties of zirconia powders shown in Fig. 5.1 and 5.4. 
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Fig. 6.2 The evolution behavior of specific surface area of zirconia powders 
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Fig. 6.3 The evolution behavior of total pore volume of zirconia powders 
 
 
 
At lower temperatures (<400 oC), the cured samples have larger specific surface 
area and total pore volume compared to uncured samples regardless of the Si content. For 
pure zirconia curing made the specific surface area increased by 27% and total pore 
volume doubled after 70 oC drying. These phenomena confirm that the curing mechanism 
discussed in chapter 5, such as dissolution and re-precipitation, causes more open pore 
structure with higher surface area. Taking the total pore volume of 0.37 and 0.19 cc/g for 
cured and uncured zirconia respectively and using equation (6.1) and Fig. 6.1, the particle 
coordination numbers for cured and uncured samples are calculated to be 3.5 and 6.5 
respectively if spherical particles are assumed and a density of 3.25 g/cm3 is used for 
hydrous zirconia. It is obvious that less particle coordination number generates more 
open structure and larger pore volume as schematically shown in two-dimension in Fig. 
6.4. 
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Fig. 6.4 Schematically drawing of the influence of particles packing with (a) low and (b) 
high coordination number on the pore structure 
 
 
 
In terms of surface area, besides the fact that dense structures make some of the 
surfaces not accessible from outside, high coordination number also means more necks 
formed between particles. The neck occupies certain surface area of the particle, which is 
no longer accessible, so the surface area of powders packed with high coordination 
number is smaller than that of powders packed with low coordination number if the 
primary particle size is the same. 
For the samples doped with 1.38 wt% Si at the low temperature range (70-200 
oC), it is interesting that cured silica doped zirconia has similar surface area and pore 
volume with cured pure zirconia while uncured silica doped zirconia has lower surface 
area and pore volume compared to uncured pure zirconia. As a result, the surface area 
and pore volume difference between cured and uncured silica doped zirconia is more 
significant than that between cured and uncured pure zirconia powders. The similarity of 
surface area or pore volume between cured silica doped and cured pure zirconia is 
expected because of the small amount of Si added and the low calcination temperatures, 
where the silica effects discussed in chapter 5 cannot show much contribution. However, 
(a) (b) 
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the SiO2 precipitation may block some of the pores in the uncured sample due to its 
denser structure and result in smaller pore volume and less accessible surface area. 
 
 
Table 6.1 The crystalline phases evolution of pure zirconia and 1.38 wt% Si doped 
zirconia with increasing calcination temperatures and elongated time under 500 oC 
isothermal condition 
Temp. 
(oC) 70 200 400 500 
Time 
(min) dried 0 0 0 6 12 30 60 120 240 
Uncured A A A T (7.3)
T 
(12.3) T+M M+T M+T M+T M+T 
75 oC, 5 
days A A A 
T+
M T+M T+M M+T M+T M+T M+T 
Uncured, 
1.38 wt% 
Si 
A A A A A A T (13.1)
T 
(12.8) 
T 
(13.0) 
T 
(12.0)
75 oC, 5 
days, 1.38 
wt% Si 
A A A A A A T (7.7) 
T 
(8.4) 
T 
(8.7) 
T 
(8.4) 
Note: A-amorphous, T-tetragonal zirconia, M-monoclinic zirconia. The numbers in the 
parentheses are the crystallite size in nm. 
 
 
 
As the temperature increases from 70 to 200 oC, according to the DTA/TG results 
in chapter 5 (Fig. 5.9 and 5.10) surface adsorbed water or hydroxyl groups are eliminated, 
so more pores are generated to give larger pore volume and higher surface area in all 
samples. Above 200 oC the pure zirconia goes through more dramatic decrease in surface 
area and pore volume compared to silica doped zirconia although the dopant amount is 
minor. This phenomenon is consistent with the silica effect discussed in chapter 5. Table 
6.1 shows the crystalline phase evolution with temperatures and time for all the samples. 
Pure zirconia became crystalline much earlier than silica doped zirconia. So it indicates 
that silica inhibits the grain growth of zirconia. Another important phenomenon in Fig. 
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6.2 is that the surface area difference between cured and uncured samples decreases as 
the calcination temperature increases. For pure zirconia the surface area difference 
decreases from 70 m2/g to 25 m2/g when calcination temperature increases from 200 oC 
to 500 oC. And the surface area difference between cured Si doped and uncured Si doped 
zirconia decreases from 135 m2/g to 60 m2/g. In Fig. 6.3 the total pore volume of both 
cured and uncured samples decrease with increasing calcination temperatures (>200 oC). 
And the difference of total pore volume between cured and uncured samples also slightly 
decreases as calcination temperature increases. 
The evolution behaviors of pore size distribution for these four samples are shown 
in Fig. 6.5. First of all, cured samples have a broader pore size distribution compared to 
the uncured sample, which is similar to the results in Fig. 5.5 to Fig. 5.8. Secondly, from 
200 to 500 oC the disappearance of pores with smaller diameters in the pore size 
distribution curve is the common feature for all the samples. It means sintering first 
happens between particles that are in close contact with each other and causes the surface 
area and total pore volume to decrease. 
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(b) 
Fig. 6.5 The pore size distribution evolution with calcination temperature and time for (a) 
uncured pure zirconia (b) 75 oC 5 days cured pure zirconia (c) uncured 1.38 wt% Si 
doped zirconia (d) 75 oC 5 days cured 1.38 wt% Si doped zirconia  
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Fig. 6.5 (continued) 
 
 
 
When calcination is carried out at 500 oC for different times, the total pore 
volumes of all the samples barely change. So the difference of total pore volume between 
cured and uncured samples is maintained even after 4 hours calcination regardless Si 
content, which is consistent with the result shown in Fig. 5.4. For specific surface area, 
the behaviors of pure and silica doped zirconia powders are completely different. The 
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surface area difference between cured and uncured pure zirconia gradually diminishes as 
the calcination time increases. But the surface area difference between cured and uncured 
silica doped zirconia maintained at about 30 m2/g even after 4 hours calcination. These 
surface area evolution behaviors confirm the results observed in Fig. 5.1. 
It is indicated by pore size distribution behaviors in Fig. 6.5 that small pores 
disappear as the calcination time increases while significant amount of larger pores 
appear at the same time for all the samples. This is the reason why all the samples can 
maintain an almost constant total pore volume during the elongated calcination process. 
However, this pore coalescence causes the surface area to decrease because it is obvious 
that large pores do not contribute to surface area as effectively as the smaller pores. 
Further, Fig. 6.5 shows that silica-containing zirconia powders have less pore coalescence 
compared to pure zirconia powders and cured pure zirconia has the biggest pore growth 
among these four samples. So it is not surprising that cured pure zirconia loses the 
surface area advantage and approaches the surface area level of uncured pure zirconia 
finally but the surface area difference between cured and uncured silica doped zirconia 
can be maintained because they go through less sintering under the help of silica 
inhibition effect. 
The log(∆S/S0) vs. log(t) plots for pure zirconia and silica doped zirconia under 
500 oC isothermal condition are shown in Fig. 6.6(a) and (b) respectively. They do not 
behave as a straight line like what German et al. suggested for micronsize particles45. It 
should be noted that equation (2.3) assumes particles are spherical and only geometric 
changes are involved in the sintering process. Additionally equation (2.3) is only suitable 
for initial stage sintering. However, according to the Table 6.1, either pure zirconia or Si 
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doped zirconia powders experience phase transformation during 500 oC isothermal heat 
treatment. Pure zirconia goes through tetragonal to monoclinic phase transformation and 
silica doped zirconia goes through amorphous to tetragonal phase transformation. 
Probably the phase transformation also causes surface area to change and makes the 
behavior to deviate from equation (2.3). 
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(a) 
Fig. 6.6 The log(∆S/S0) vs. log(t) plots under 500 oC isothermal condition for (a) pure 
and (b) 1.38 wt% Si doped zirconia 
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(b) 
Fig. 6.6 (continued) 
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(a) 
Fig. 6.7 The (a) specific surface area, (b) total pore volume, and (c) crystallite size of 
tetragonal phase evolution behaviors under 700 oC isothermal condition for 1.38 wt% Si 
doped zirconia 
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Fig. 6.7 (continued) 
 
 
When silica doped zirconia powders were heat treated at 700 oC isothermally, 
they showed very similar behavior in specific surface area and total pore volume with 
those at 500 oC (Fig. 6.7(a) and (b)). The cured sample has significant higher specific 
surface area and larger total pore volume than the uncured sample under various 
calcination times. The crystalline phases of these two samples are tetragonal zirconia and 
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do not change with time. Fig. 6.7(c) shows the crystallite size of tetragonal phase as a 
function of calcination time. The grain grows quite slowly and the cured sample always 
has a smaller crystallite size than the uncured sample. 
6.3.2 The influence of particle packing on the surface area of calcined powders: a 
simulation approach 
 
From the evolution study of cured and uncured zirconia, we can conclude that 
curing generates more open structure and higher surface area for as-synthesized powders. 
However, whether the surface area enhancement can be preserved after high temperature 
calcination is dependent on the sintering resistance of powders. For example, pure 
zirconia does not have a great resistance to sintering, so presumably calcination of pure 
zirconia at high temperature induces not only neck forming between particles but also 
grain and pore growth, particles rearrangement, etc. As described by equation (2.4), in the 
intermediate sintering stage the surface area loss rate is proportional to the surface area of 
powders. It means the cured pure zirconia that has higher initial surface area will go 
through larger surface area loss compared to uncured pure zirconia till these two powders 
have similar surface areas. For silica doped zirconia, because of the sintering inhibition 
effect of SiO2, the surface area difference between cured and uncured samples can be 
preserved even after high temperature and long time calcination. 
The experimental data shows a special case, i.e. how curing influences the surface 
area of zirconia powders. Generally speaking, we are interested in how primary particle 
packing influences the surface area of catalyst powders after high temperature and long 
time calcination. In this session, we use Monte Carlo simulation to study the primary 
packing effect. This investigation can give us more understanding on achieving high 
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surface area powders by controlling particle or pore generation, such as curing or 
surfactant-assisted methods. 
6.3.2.1 Simulation model 
The model is a Monte Carlo model adopted from the work of Shih et al120. In this 
model, two kinds of entities are defined, vectors and vacancies. The vectors having 
different orientation are symbolized by different letters or colors in the following figures. 
We map a microstructure onto a two dimensional hexagonal lattice, as shown in Fig. 6.8. 
A lattice site can be a portion of a particle as denoted by a letter (color) or a portion of 
pore as denoted by an empty site. Each letter (color) represents a crystalline orientation. 
A domain of the same letter (color) represents a particle or a grain and a domain of empty 
sites or vacancies represents a pore. There are N possible crystalline orientations 
represented by N planar vectors uniformly spaced on a circle with the angle in multiple of 
2π/N. The interaction between two vectors depends on the angle difference θ of the two 
vectors, and, in general, can be any function. In the present study, we take 
( ) gbEV =θ   if 0≠θ  
0=   if 0=θ .      (6.3) 
We consider only the nearest-neighbor interactions; i.e. only the interactions between 
adjacent lattice sites can be non-zero. The interaction between a vector and a vacancy 
(empty site) is Es and the interaction between two vacancies is zero. With these 
definitions, the solid-vapor interfacial energy at T = 0 K is proportional to Egb. Therefore, 
the ratio of 
gb
s
E
E determines the T = 0 K dihedral angle Ψ  by )2(cos2
1
s
gb
E
E
−
=Ψ . 
For example, 
gb
s
E
E =5/3 gives °=Ψ 145 . 
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Fig. 6.8 A lattice representation of a structure. A domain of a same letter is a grain and a 
domain of empty sites is a pore. Each letter denotes a different crystalline orientation. 
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We are interested in several parameters in the simulation model that can be 
connected with the physical properties of real powders. The total number of vectors put 
on the lattice to form particles corresponds to the total weight of powders. In this study 
we put 13725 vectors on the lattice and every single particle contains 61 vectors. Any 
vector site neighboring to a pore is called an interface site. Among all of the interface 
sites some are neighboring to the pore connecting with the simulation lattice boundary 
(the open pore). These interface sites are called surface sites (Fig. 6.8). The specific 
surface site is defined as the number of surface site divided by the number of total 
vectors, so it is the counterpart of specific surface area of powders. A domain of vectors 
having the same orientation is called a grain. The grain size is defined as the square root 
of the total number of vectors in that grain and only the integer is taken. The domains 
whose size is smaller than 4 are not included for average grain size calculation because 
basically these small size domains can be treated as thermal defects in the material rather 
than real grains. 
In order to simulate the kinetic process during high temperature calcination, we 
include (1) the orientation flipping of vectors to simulate microstructural changes such as 
grain growth and (2) vacancy diffusion to simulate sintering. 
Orientational flipping: Given a microstructure (with vectors and vacancies), an 
occupied site, i.e., a vector is randomly chosen. Before the vector is allowed to change its 
orientation, it first breaks its bonds with its neighboring vectors that have the same 
orientation as the vector. Breaking each of such bonds costs Egb. Therefore, the total 
energy cost ∆E to break all such bonds is ∆E=nEgb where n is the number of neighboring 
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vectors that have the same orientation as the vector, and whether the vector will 
successfully break its bonds with its neighbors is determined by the transition rate 
kT
E
G
eW
∆−


= τ
1   if 0>∆E  
Gτ
1
=    if 0≤∆E      (6.4) 
where 1/τG is the attempt frequency associated with orientational flipping, k is the 
Boltzmann constant, and T the sintering temperature. Equation (6.4) is simulated as 
follows. In each attempt for bond breaking, the energy cost ∆E is calculated and the 
Boltzmann factor kT
E
e
∆−
 will be compared to a random number between 0 and 1. If the 
Boltzmann factor kT
E
e
∆−
 is larger than or equal to the random number, the vector breaks 
its bonds with its neighboring vectors and flips to a new orientation that is picked by 
another random number. If the Boltzmann factor kT
E
e
∆−
 is smaller than the random 
number, the orientation of the vector remains unchanged. 
Vacancy diffusion: Sintering of a porous object requires transporting vacancies 
out of the object. In order to study sintering from a microscopic perspective, diffusion of 
vacancies must be incorporated in the simulations. Vacancy diffusion in the simulation is 
modeled as a sequence of random translational movements. When a vacancy is adjacent 
to at least one vector, it may undergo a random translational movement as follows. First, 
one of the vacancy’s neighboring vectors is chosen as random. The transition rate Wex for 
exchanging the position of the vacancy with that of the chosen vector is 
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ex
eW
∆−



= τ
1   if 0>∆ exE  



=
Dτ
1    if 0≤∆ exE      (6.5) 
where 1/τD is the attempt frequency for vacancy diffusion and ∆Eex is the energy change 
associated with the exchange, which depends on the parameters Es and Egb as well as the 
neighboring configuration of the vector-vacancy pair before and after the exchange. To 
achieve the transition rate depicted in equation (6.5), the simulation is done as follows. In 
each trial for a position exchange, the energy change ∆Eex as well as the Boltzmann factor 
kT
Eex
e
∆−
 are calculated. If the Boltzmann factor is larger or equal to a random number 
between 0 and 1, the position of the vacancy will be exchanged with that of the chosen 
neighboring vector. If the Boltzmann factor is smaller than the random number, the 
position of the vacancy and that of the vector will remain unchanged. An example is 
shown in Fig. 6.9(a) and (b) to illustrate how ∆Eex is calculated. The movement of a 
vacancy may also be viewed as a movement of matter in the opposite direction. The 
attempt frequency 1/τD for vacancy diffusion can be different from that for orientational 
flipping, 1/τG. 
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(a) 
 
(b) 
Fig. 6.9 An example showing how ∆Eex is calculated. (a) and (b) represent the 
configurations before and after the position exchange of a vector-vacancy pair, 
respectively. The labeled circles are vectors and the white circles are vacancies. The 
vector-vacancy pairs under consideration are labeled with a star. Ei and Ef denote the 
energy of the vector-vacancy pair before and after the exchange and ∆Eex=Ef-Ei. 
 
 
6.3.2.2 Simulation results 
For the present study, we chose N=30 and Es/Egb = 1.67. Simulations were all 
carried out at T = 0.7Tm where Tm = 0.83Egb. One way to simulate the different particle  
Ei = 2Egb+ 4Es 
A A A A
AB 
B
B
B
Ef = 8Es 
A A A A
AB 
B
B
B
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Fig. 6.10 The microstructure of different particle packing configurations before (left 
column) and after (right column) sintering, sintering time 300,000 diffusion steps, 
sintering temperature 0.7Tm, the initial particle coordination numbers are (a) 2.49, (b) 
2.76, and (c) 3.64, respectively. 
 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
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packing is to arrange particles in different coordination numbers. Fig. 6.10(a), (b), and (c) 
show the configurations of 225 mono-size (containing 61 vectors) particles placed into 
the hexagonal simulation lattices with different coordination numbers and the 
neighboring particles only share the corner with each other. The average particle 
coordination numbers for these three configurations are 2.49, 2.76, and 3.64, respectively. 
Lower coordination number packing gives more open pore structure and larger pore 
areas, similar to what we found experimentally that curing generates larger pore volume 
for zirconia powders. The final configurations after certain time (300,000 diffusion steps) 
are shown in Fig. 6.10(d), (e), and (f). Comparing the initial and final configurations, we 
found that grains grow moderately, the smallest pores that located between the closest 
neighboring particles all disappeared, but the larger pores that had the comparable size 
with particles became rounded and expanded a little bit because they were the sink to 
absorb the vacancies originally consisting of smaller pores, and apparently there was no 
particle rearrangement or drastic change on pore structures. These phenomena coincide 
well with the experimental behavior of silica doped zirconia during isothermal 
calcination. 
Fig. 6.11 shows the simulated specific surface site and specific interface site as a 
function of calcination time, i.e. the diffusion steps. Structures with lower coordination 
number gives higher specific surface site and the specific surface site difference between 
different packing configurations can be preserved over the calcination time, which is 
matched well with the observations for cured and uncured silica doped zirconia. On the 
other hand, it is interesting to note that the time evolution behavior shown in this 
simulation is not quite matched with our experimental data on pure zirconia powders, 
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where the specific surface area difference between cured and uncured samples 
diminished as the calcination time increases. As we mentioned in section 6.1, pure 
zirconia samples undergo more significant pore growth compared to Si doped zirconia. 
Carefully examining the configuration evolution in Fig. 6.10, we can conclude that the 
simulation does not involve drastic pore growth, which is closer to the situation of Si 
doped zirconia. So it means that the parameters or mechanisms currently set in this 
simulation model are more suitable to present the case of Si doped zirconia. All the 
comparisons between simulation results and experimental data are against Si doped 
zirconia in the rest of this chapter. 
There is no experimental parameter corresponding to the specific interface site, 
but it should be closely related to the extent of sintering in the system. From Fig. 6.11(b), 
we can conclude that structures with lower coordination number go through less 
sintering. This effect is also confirmed by the grain growth behavior showing in Fig. 
6.11(c). Lower coordination number packing, i.e. open structure, results in slower grain 
growth rate, which is consistent with the results shown in Table 5.2, Table 6.1, and Fig. 
6.7(c), where cured silica doped zirconia always has smaller crystallite size compared to 
uncured silica doped zirconia. 
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(b) 
Fig. 6.11 The (a) simulated specific surface site, (b) specific total interface site, and (c) 
average grain size as a function of diffusion steps for different particle packing 
configurations. The numbers in the label are initial particle coordination numbers. 
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(c) 
Fig. 6.11 (continued) 
 
 
Besides changing the particle coordination number there is another way to 
generate particles packing configuration with different pore structures. In Fig. 6.10 
particles only share the corner with neighbors. If we allow particles to share both edge 
and corner, they can display very different pore structure from the corner-sharing-only 
configuration even these two configurations may have similar particle coordination 
numbers, which is shown in Fig. 6.12. Fig. 6.12(a) and (b) have average particle 
coordination number of 2.49 and 2.28 respectively, but corner-sharing-only configuration 
gives more open structure than multiple-sharing configuration. The specific surface site 
and grain size of these two samples as a function of calcination time is shown in Fig. 
6.13. Again, powders with open structure keep higher specific surface site and smaller 
grain size all the time compared to powders with close packed structure. The pores 
between grains actually work as the barrier to impede the grain growth48. And more 
opened structure means more grains contact with pores instead of other grains, so we can 
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expect grains grow slower in this case. This advantage of the open structure will remain 
all the time during the isothermal sintering shown by the simulation results if no 
appreciable pore collapse happens. Experimentally as mentioned before, pure zirconia 
showed more drastic pore growth than Si doped zirconia, which was an indication of 
severer pore structure change. So the surface area behaviors of pure ZrO2 are different 
from the simulation, i.e. the surface area increase from the curing effect diminishes after 
the high temperature and long time heat treatment. On the other hand, the curing effect on 
the Si doped ZrO2 powders matched quite well with the simulation because their pore 
structures did not change that much by the heat treatment, which in turns came from the 
inhibition effect of SiO2 on the grain growth of ZrO2. 
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(a) 
(b) 
Fig. 6.12 The different particle packing configurations by (a) particles sharing corner 
only and (b) particles sharing corner and edge, the particle coordination numbers are 2.49 
and 2.28, respectively. 
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Fig. 6.13 The simulated specific surface site and average grain size for two kinds of 
particle packing configurations: particles sharing corner only and particles sharing corner 
and edge 
 
 
6.4 Chapter summary 
The detailed study on the textural property evolution behavior of pure and silica 
doped zirconia revealed that curing indeed generated larger pore volume as well as higher 
surface area for the as-synthesized hydrous zirconia regardless containing Si or not. For 
pure zirconia calcination at elevated temperatures for prolonged time caused extensive 
sintering. This sintering process resulted in significant phase transformation and pore 
growth. The pore growth was helpful for the cured zirconia to maintain its larger pore 
volume but the initial higher surface area of cured zirconia was gradually consumed by 
the severe sintering process. For silica doped zirconia the sintering effect was not that 
strong because SiO2 inhibit the grain growth of ZrO2. So the initial higher surface area of 
cured silica doped zirconia could be preserved even after long time calcination at high 
temperatures. A simulation model was developed using Monte Carlo algorithm to study 
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the sintering behavior of particles packed with different initial configurations in 2-D. The 
simulation results confirmed our speculation that higher surface area, even after long time 
sintering, could be obtained for powders with more opened pore structure under the heat 
treatment conditions without pore collapses, which was similar to the behavior of the 
cured silica doped zirconia. 
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7. The thermal stability of MnOx-ZrO2 powders 
 
7.1 Introduction 
Manganese oxide showed lower surface area than zirconia at elevated 
temperatures (see chapter 4 and 5), so manganese oxide was supported on or mixed with 
zirconia in order to improve the surface area53,98,101. However, the temperature range used 
to study the high temperature thermal stability of ZrO2-MnOx system is relatively narrow, 
between 600 and 800 oC. This temperature range is not enough for higher temperature 
catalytic applications, such as automobile emission control, which involves temperatures 
higher than 900 oC. And also it was not easy to see the temperature effect on the 
powder’s behavior because usually only two temperature levels, 600 and 800 oC, were 
studied. Meanwhile, the surface area values of zirconia reported from those papers were 
relatively low, about 7 m2/g after 800 oC calcination, whereas the surface area of the 
zirconia synthesized by us could reach about 25 m2/g after 900 oC calcination. So it is 
possible the surface area of MnOx-ZrO2 can be improved further. 
The curing effect on the textural properties of zirconia shown in chapter 5 and 
chapter 6 makes it interesting to use cured zirconia as the MnOx support. In this chapter, 
coprecipitation and two-step precipitation methods were used to synthesize ZrO2-MnOx 
powders. The thermal behavior of ZrO2-MnOx powders between 500 and 900 oC is 
investigated, and the reasons that caused the surface area to dramatically decrease at high 
temperature is explained. The way to improve the thermal stability by curing or La 
doping is explored as well. 
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7.2 Experimental procedures 
Manganese nitrate and zirconyl nitrate used here were the same as that used in 
chapter 4 and 5. The different mole ratios (varying from 10:1 to 1:1) of ZrO(NO3)2 and 
Mn(NO3)2 were dissolved in distilled water to make binary salt solutions. The 
concentration of ZrO(NO3)2 in these solutions was always kept at 0.33 M. After stirring 
for 20 min, 50 ml of the binary salt solutions were added dropwise to 200 ml of 5.02 N 
ammonium hydroxide solution with rigorous stirring. Upon completion of adding 
ammonium hydroxide, the precipitated suspensions were stirred for another half hour 
before they were centrifuged and washed with distilled water 4 times and dried at 70 oC 
in the air overnight. Powders synthesized in this way are referred as coprecipitated 
powders. 
Two-step precipitation was conducted by precipitating hydrous zirconia first, 
which was done by dropping 50 ml of 0.33 M ZrO(NO3)2 solution into 200 ml of 5.02 N 
ammonium hydroxide, then 15 ml of Mn(NO3)2 solution with various concentrations to 
keep the desired ratio between Mn and Zr was dropped into the hydrous zirconia 
suspension. Centrifugation, washing, and drying were the same as the coprecipitated 
samples. 
Another kind of MnOx supported on cured ZrO2 was made by obtaining cured 
hydrous zirconia in the mother liquid as described in chapter 5 first, then manganese 
hydroxide was precipitated on the cured hydrous zirconia using Mn(NO3)2 solution just 
as in the two-step precipitation case. This kind of sample is referred to as precipitated-
cured sample. 
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In the fourth case the cured hydrous zirconia was taken out of the mother liquid 
and heated up to 500oC followed by air quenching, then re-dispersed into 200 ml 5.02 N 
ammonium hydroxide solution, and finally manganese hydroxide was precipitated on this 
pre-calcined zirconia. This kind of sample is referred to as precipitated-calcined sample. 
Lanthanum-Manganese-Zirconium or Silicon-Manganese-Zirconium oxides were 
made by coprecipitation method from 50 ml of La(NO3)3-Mn(NO3)2-ZrO(NO3)2 aqueous 
solution or TEOS (with 15 ml ethanol)-Mn(NO3)2-ZrO(NO3)2 aqueous solution dropping 
into 200 ml of 5.02 N ammonium hydroxide solution. The amount of Zr in 50 ml of the 
precursor solution was 0.0165 mole and the La to Zr or Si to Zr molar ratio was fixed at 
3:100 but Mn to Zr ratio was varied from 1:5 to 1:1. 
All binary and ternary oxides were calcined at elevated temperatures and 
characterized as described for manganese oxide or zirconia in chapter 4 and 5. 
7.3 Results and discussion 
7.3.1 The thermal stability of coprecipitated MnOx-ZrO2 
The SSA of coprecipitated ZrO2-MnOx samples are shown in Fig. 7.1. The 
surface areas of binary oxides are higher than that of the single oxide component after 
500 and 700 oC heat treatment and the surface area monotonically increases with the Mn 
content till about 50%. After 900 oC heat treatment the surface areas of binary oxides 
decrease significantly and become lower than that of zirconia or manganese oxide. The 
pore volume and average pore size of ZrO2-MnOx are shown in Fig. 7.2 and 7.3, 
respectively. The total pore volume first decreases then increases significantly as the Mn 
content increases up to 30-50 mol% at 500 and 700 oC, which is similar to the behavior of 
ZrO2-SiO2 system. After 900 oC heat treatment, the total pore volumes of binary powders 
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are almost zero, which is consistent with the trend of SSA in Fig. 7.1. The behavior of 
average pore size is similar to that of total pore volume at 500 and 700 oC. There is no 
statistical trend for the average pore size at 900 oC because the pore volume is so low and 
the samples become non-porous materials. 
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Fig. 7.1 The surface area of ZrO2-MnOx as the function of Mn content 
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Fig. 7.2 The total pore volume of ZrO2-MnOx as the function of Mn content 
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Fig. 7.3 The average pore size of ZrO2-MnOx as the function of Mn content 
 
 
The XRD results of coprecipitated samples are shown in Table 7.1. Before heat 
treatment all of the binary oxides are amorphous, which is similar to pure zirconia, 
although pure manganese precipitate is a mixture of Mn3O4 and β-MnOOH crystalline 
phases. This indicates that manganese oxide in the binary system is mixed very well with 
zirconia instead of forming separated manganese-containing phases. After 500 oC heat 
treatment, pure zirconia is a mixture of tetragonal and monoclinic phases. The binary 
samples with the two lowest Mn concentrations (Mn/Zr = 0.1 and 0.2) show tetragonal 
zirconia and the samples with higher Mn concentrations are still amorphous. This 
indicates that MnOx can delay the crystallization of zirconia and stabilize the tetragonal 
phase. The phenomena that Mn delays the crystallization of ZrO2 had been shown by 
DTA studies121. Besides the exothermic crystallization peak on the DTA plot shifted to 
higher temperatures when Mn content increased in the MnOx-ZrO2 powders, the enthalpy 
of the exothermic peak also decreased as the Mn content increased. As a result less heat 
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was generated by the crystallization process when Mn content increased resulting in less 
sintering and higher surface area121. There is no visible crystalline phases related with 
manganese oxide in the binary oxides after 500 oC calcination. According to Valigi et al. 
MnO and ZrO2 could form solid solution after 800 oC-10 hour heat treatment of mixtures 
of coprecipitated hydroxides in H2 atmosphere and the solubility was about 12 wt%99. 
And the Mn2+ could be partially oxidized to Mn3+ and/or Mn4+ in oxygen atmosphere 
without appreciable manganese oxide segregation99. Li et al. also claimed that 650 oC-4 h 
calcination is sufficient to fully form zirconia solid solution with Fe(III) or Y(III) dopant 
if the powders were made from the coprecipitation method122. Compared to Si4+(0.4 Å), 
Mn2+ (0.96 Å) and Mn3+ (0.65 Å) have the sizes closer to Zr4+ (0.84 Å)99, so the above 
information indicates that it is possible to obtain MnOx-ZrO2 solid solution in our 
samples. However, it is beyond the scope of this study to quantitatively identify whether 
Mn dissolves into the zirconia lattice to form solid solution or not. Apparently manganese 
oxide mixed well with the zirconia either as solutes or as amorphous phase after 500 oC-4 
h heat treatment. In the latter case, the manganese oxide particles are expected to be 
much smaller than those in pure manganese oxide and these fine particles probably give 
higher activity for catalytic applications. 
The typical morphology of the powders after 500 oC-4 h calcination was 
examined by ESEM (Fig. 7.4). The composite powders (Mn/Zr = 1/5 or Mn/Zr = 1/1) 
have similar morphology with pure zirconia, which consists of aggregates with a size of a 
few micron meters, while pure MnOx samples have plate-like particles. This may explain 
why MnOx-ZrO2 powders show crystalline phases of zirconia instead of any phase of 
MnOx. The higher magnification images of these samples are shown in Fig. 7.5. 
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Compared to pure zirconia, the binary oxide particles less sintered together and on the 
other hand they are much smaller than the plate-like particles of the manganese oxide. So 
these pictures can explain why the specific surface areas of composite powders are larger 
than that of the single oxide at 500 oC.  
After 700 oC heat treatment, the monoclinic phase becomes dominated in the pure 
zirconia sample and all of the binary oxide samples become crystalline. In the binary 
oxide with the lowest Mn content (Mn/Zr = 0.1), some tetragonal zirconia have 
transformed to monoclinic zirconia. In the binary oxide with the highest Mn content 
(Mn/Zr = 1), small amount of α-Mn2O3 appears. All other binary oxide samples show 
tetragonal zirconia phase only. 
 
 
Table 7.1 The XRD results of coprecipitated yMnOx-ZrO2 powders at different 
temperatures 
y (Mn/Zr) Before calcination 500 oC 700 oC 900 oC 
0 ( pure ZrO2) Amorphous T+M M+T M+T 
0.1 Amorphous T (9.7a, 11.8b) T+M M 
0.2 Amorphous T (8.6a, 8.2b) T (10.5
a, 
11.2b) M+T (t) 
0.3 Amorphous Amorphous T (9.8) M+T+Mn3O4(t)
0.5 Amorphous Amorphous T (9.5
a, 
8.7b) M+T+Mn3O4(t)
1.0 Amorphous Amorphous 
T(8.8a, 
9.4b)+ α-
Mn2O3(t) 
M+T+α-Mn2O3 
+Mn3O4(t) 
∞ (pure MnOx) 
Mn3O4+ β-
MnOOH 
α-Mn2O3 α-Mn2O3 α-Mn2O3 
Note: T: tetragonal ZrO2, M: monoclinic ZrO2, t: trace amount, the numbers in the 
parentheses are the crystallite size in nm. 
a: samples from the batch 1; b: samples from the batch 2 
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Fig. 7.4 The SEM images of (a) ZrO2, (b) MnOx-ZrO2 (Mn/Zr =1/5), (c) MnOx-ZrO2 
(Mn/Zr =1/1), and (d) MnOx after 500 oC 4 h calcination 
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Fig. 7.5 The SEM images of (a) ZrO2, (b) MnOx-ZrO2 (Mn/Zr =1/5), (c) MnOx-ZrO2 
(Mn/Zr =1/1), and (d) MnOx after 500 oC 4 h calcination at high magnification 
 
 
 
After 900 oC heat treatment, the tetragonal to monoclinic zirconia transformation 
is almost complete, and the separated phases of manganese oxide become more apparent 
and they are the mixture of α-Mn2O3 and Mn3O4, which is consistent with the manganese 
oxide phase diagram. Li et al. observed similar phenomena in Fe doped zirconia system 
when the calcination temperature increased from 650 to 1300 oC122, which was also 
reported by Stefanic et al.123. Li et al. claimed that Fe3+ in ZrO2 lattice was supersaturated 
at low temperatures and Fe2O3 segregated at high temperatures because of the solubility 
limit. We cannot identify from our current data whether the MnOx phase segregation at 
200 nm 
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200 nm
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900 oC is due to the solubility limit of Mn ions in ZrO2 or the crystallization of 
amorphous MnOx, but it is reasonable to expect that the sintering behavior of composite 
powders will change when MnOx phases segregate from the ZrO2. 
Fig. 7.6 shows the ESEM images of 900 oC heat-treated samples in high 
magnifications. Interestingly, the composite oxide particles are more sintered compared 
to pure zirconia at 900 oC, which is the opposite of the observation at 500 oC (Fig. 7.5). 
The pure zirconia has particles with the size around 50 nm, and the particles of the 
composite oxides are between 100 and 200 nm. The particles of manganese oxides are 
around 200 to 300 nm, but they are more loosely packed compared to the particles in the 
composite oxides. From these morphology observation, we can understand the specific 
surface area sequence at 900 oC: ZrO2>MnOx≥MnOx-ZrO2.  
At 900 oC the sintering of composite oxide particles was actually enhanced 
compared to pure zirconia. According to Fig. 7.1 pure zirconia can maintain about 25 
m2/g surface area even after 900 oC 4 h heat treatment, but the specific surface area of 
ZrO2-MnOx powders at 900 oC are less than 2 m2/g, which is even smaller than the 
surface area of pure manganese oxides. So the surprisingly big surface area loss of ZrO2-
MnOx binary oxides from 700 to 900 oC cannot be simply attributed to the segregation of 
MnOx. There should be other factors due to the manganese oxide. 
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Fig. 7.6 The SEM images of (a) ZrO2, (b) MnOx-ZrO2 (Mn/Zr =1/5), (c) MnOx-ZrO2 
(Mn/Zr =1/1), and (d) MnOx after 900 oC 4 h calcination  
 
 
 
One of the unique properties of manganese oxide is that it is reduced from the 
high oxidation state to the low oxidation state as the temperature increases according to 
its phase diagram (Fig. 2.5). Near 900 oC there is a transformation from Mn3+ to Mn2+. 
The XRD results in Fig. 7.7 demonstrate this reduction. Fig. 7.7(a) is the MnOx-ZrO2 
(Mn/Zr=1/1) powder after 700 oC but before 900 oC calcination, and it contains tetragonal 
zirconia and α-Mn2O3. Fig. 7.7(b) shows the XRD pattern of the powder after 900 oC 4 h 
calcination and cooling down to room temperature by a low cooling rate (5 oC/min) and 
the crystalline phases are monoclinic zirconia, α-Mn2O3, a tiny amount of Mn3O4 and 
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tetragonal zirconia. Fig. 7.7(c) shows the XRD pattern of the powder after 900 oC 4 h 
calcination and cooling down to room temperature by air quenching and the crystalline 
phases are monoclinic zirconia, Mn3O4, a tiny amount of α-Mn2O3 and tetragonal 
zirconia. So we can see at least part of Mn3+ ions indeed transform to Mn2+ at 900 oC, but 
these Mn2+ ions may change back to Mn3+ again at low temperatures124. 
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1 (solid arrow): Mn2O3, 2 (dotted arrow): Mn3O4 
 
Fig. 7.7 The XRD of ZrO2-MnOx (Zr/Mn=1/1) heat treated at (a) 700 oC 4 h, (b) 900 oC 4 
h then slowly cool down (5 oC/min) to room temperature, (c) 900 oC 4 h air quench. The 
unlabeled peaks in (a) are tetragonal zirconia, in (b) and (c) are monoclinic and tetragonal 
zirconia respectively. 
 
 
The effect of the reduction of Mn3+ on the surface area of ZrO2-MnOx is shown in 
Fig. 7.8. ZrO2-MnOx (Mn/Zr=1/1, 1/2, 1/5) powders were heated up to 900 oC in different 
atmosphere, H2 or air, and then cooled down immediately to room temperature with the 
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furnace. The surface areas of powders calcined in hydrogen atmosphere are much smaller 
than those calcined in air. The XRD results of ZrO2-MnOx (Mn/Zr=1/1) are shown in Fig. 
7.9. In the hydrogen atmosphere the Mn2O3 phase was reduced to MnO and the grain of 
tetragonal zirconia grew a lot (from 8.8 nm to 28.2 nm). In the air atmosphere only part 
of the Mn2O3 phase was reduced to Mn3O4 and the grain of tetragonal zirconia grew 
moderately (from 8.8 nm to 12.4 nm). It appears that for ZrO2-MnOx samples the 
reduction of Mn ions is accompanied with fast grain growth and great loss of surface 
area. When MnOx-ZrO2 samples are heat-treated in air at 900 oC for 4 hours, according to 
Fig. 7.7(c) a significant part of Mn3+ ions are reduced to Mn2+. The reduction of 
manganese ions at 900 oC may be one of the possible reasons to cause dramatic surface 
area loss just as that happened in H2 atmosphere (Fig. 7.8). 
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Fig. 7.8 The surface area of MnOx-ZrO2 powders with different Mn/Zr ratios heat-treated 
in hydrogen and air, respectively. The powders were made by the coprecipitation method 
and heat up to 900 oC. 
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Fig. 7.9 The XRD of coprecipitated 1.0MnOx-ZrO2 powders calcined at different 
conditions. The numbers shown in the plot are the crystallite size of tetragonal zirconia. 
 
 
 
The decrease of surface area due to the reduction of cations was also observed in 
CeO2-ZrO2 system125,126. It is unclear why the reduction can physically cause the drastic 
loss of surface area. But it is apparent that the reduction process involves oxygen 
transport through the particles and phase changes (Mn2O3 to Mn3O4), so the structure of 
the material is unstable when reduction happens. Fig. 7.10 shows the N2 adsorption 
isotherms of ZrO2-0.2MnOx powders after 700 and 900 oC heat treatment, and there is a 
significant modification of the isotherm from type IV (mesoporous) to type II 
(nonporous) after 900 oC heat treatment. 
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Fig. 7.10 The N2 adsorption isotherms of ZrO2-MnOx (Mn/Zr=1/5) after 700 and 900 oC 
calcination 
 
 
 
7.3.2 The effect of separation between MnOx and ZrO2 on the thermal stability of 
MnOx-ZrO2 
 
According to the data in Fig. 7.1, if we simply mix 900 oC treated ZrO2 with 900 
oC treated MnOx we expect the specific surface area of the mixture is between 7 m2/g and 
25 m2/g and the value should be higher for the ZrO2 rich samples. But all of the surface 
area values of composite powders at 900 oC in Fig. 7.1 are less than 7 m2/g. So clearly for 
some reason the ZrO2 and MnOx in the composite powders affect each other to make the 
surface area low. One nature way to increase the surface area of ZrO2-MnOx at 900 oC is 
to make zirconia and MnOx separated with each other. However, we have to keep in mind 
that this method deteriorates the surface area of binary oxides at low temperatures 
because the surface area enhancement effect of MnOx-ZrO2 seen at 500 oC is weakened 
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by this way. In order to vary the separation between MnOx and ZrO2 in the mixture, the 
following samples are prepared: 
(1). Coprecipitation of MnOx and ZrO2 
(2). MnOx precipitation on hydrous zirconia precipitates (Two-step precipitation) 
(3). MnOx precipitation on cured precipitated hydrous zirconia (Precipitation-
curing) 
(4). MnOx precipitation on pre-calcined zirconia (Precipitation-calcination) 
The details of these methods were described in the experimental procedure section. 
Compared to coprecipitated MnOx-ZrO2, powders made from the other three methods 
have less mixing between MnOx and ZrO2. And the separation between MnOx and ZrO2 
has the following sequence: coprecipitation < two-step precipitation < precipitation-
curing < precipitation-calcination. 
The surface area of MnOx-ZrO2 samples made from the above methods is shown 
in Table 7.2. The surface area and phases of coprecipitated and two-step precipitated 
samples at three different calcination temperatures, 500, 700, and 900 oC, are only 
slightly different, which indicates that there is not much difference in homogeneity 
between coprecipitated and two-step precipitated powders. After 500 oC heat treatment, 
coprecipitated and two-step precipitated powders have larger surface area compared to 
precipitation-cured and precipitation-calcined samples. And the crystalline phases of 
coprecipitated or two-step precipitated powders are stabilized as the tetragonal phase or 
remain amorphous, while precipitation-cured and precipitation-calcined powders are 
monoclinic and tetragonal zirconia, which is similar to the pure zirconia. This difference 
in the stability of tetragonal zirconia of powders made from different methods confirmed 
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our speculation that the method 3 and 4 made MnOx and ZrO2 more separated with each 
other because usually tetragonal zirconia is stabilized by forming solid solution or closely 
constrained by the surrounding substance73. Starting from 700 oC, the surface area 
advantage of well-mixed samples has been dissipated although their phases are still 
stabilized as tetragonal zirconia. The less-mixed MnOx-ZrO2 powders (from the method 3 
and 4) show about the same surface area as that of well-mixed powders (from the method 
1 and 2). After the 900 oC heat treatment the surface area of precipitation-cured and 
precipitation-calcined samples are about 6 to 10 times higher than that of the 
coprecipitated and the two-step precipitated samples.  
 
 
Table 7.2 The surface area and crystalline phases of MnOx-ZrO2 made by varying the 
interaction between MnOx and ZrO2 
500 oC 700 oC 900 oC 
Mn/Zr Preparation Methods SSA (m2/g) Phases 
SSA 
(m2/g) Phases 
SSA 
(m2/g) Phases 
Cop. 128±9 T 56±7 T 1.5±0.3 M+T (t) 
2-pre. 123±9 T 53±9 T+M (t) 1.5±0.4 M 
Pre-Cur. 115±10 T+M 55±9 M+T 10±0.7 M 1/10 
Pre-Cal. 103±8 M+T 71±11 M+T 13±0.9 M 
Cop. 179±7 T 74±9 T 0.8±0.2 M+T (t) 
2-pre. 208±13 A 74±8 T 2.0±1.0 M 
Pre-Cur. 148±18 T+M 60±10 T+M 7.2±0.5 M 2/10 
Pre-Cal. 101±16 M+T 69±9 M+T 11.6±0.6 M 
Note: Cop.: coprecipitation, 2-pre.: two-step precipitation, Pre-Cur.: precipitation-curing, 
Pre-Cal.: precipitation-calcination. T: tetragonal zirconia, M: monoclinic zirconia, t: trace 
amount. All heat treatment were 4 hours. 
 
 
7.3.3 The effect of dopant on the thermal stability of MnOx-ZrO2 
According to the information in chapter 2 and our work in chapter 5, doping is an 
effective method to increase the surface area of pure zirconia. In order to improve the 
thermal stability of MnOx-ZrO2 at high temperatures, a possible solution is to introduce 
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dopant into the system. The first candidate for dopant is Si because it has a strong 
positive effect on the thermal stability of ZrO2 as shown in chapter 5 and 6. La was 
chosen as the second candidate because it has been shown to be helpful for the thermal 
stability of zirconia.127 Also lanthanum and manganese oxide compounds are potential 
oxidation catalysts128,129. All of the ternary oxides in this study were made by the 
coprecipitation method. 
Fig. 7.11 shows the effect of dopants Si or La on the surface area of ZrO2-MnOx 
powders. The surface area values of ZrO2, La2O3-ZrO2 and SiO2-ZrO2 are shown for 
comparison. After 500 oC calcination, Mn, La, and Si all have positive effects on the 
surface area of ZrO2. And these positive effects can be added on each other, which is 
shown by the even higher surface area values of La-Mn-ZrO2 and Si-Mn-ZrO2 ternary 
oxide systems compared to those of binary systems. Calcination at higher temperatures 
makes the specific surface area decrease. And the surface area of powders containing Mn 
decreases more dramatically compared to that of powders without Mn. At 900 oC, the 
surface area of Si-Mn-ZrO2 powder decreases to about 3 m2/g, only slightly higher than 
the surface area of ZrO2-MnOx, although ZrO2-SiO2 system shows the highest surface 
area at 900 oC. On the other hand the La-Mn-ZrO2 system shows much better thermal 
stability than ZrO2-MnOx and Si-Mn-ZrO2systems. It has a specific surface area of 21±2 
m2/g, which is comparable to that of pure zirconia and an order of magnitude higher than 
that of ZrO2-MnOx (0.8±0.2 m2/g) or Si-Mn-ZrO2 (3.7±1.2 m2/g) powders. 
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Fig. 7.11 The specific surface area of ZrO2 based oxide powders with different kinds of 
dopants at elevated temperatures. The calcination was conducted at various temperatures 
for 4 hours. The numbers before the dopant element are the molar ratio between dopant 
and Zr. 
 
 
 
The XRD results are shown in Fig. 7.12. Both Si and La dopants help stabilize 
tetragonal zirconia even after 900 oC heat treatment. And there are no crystalline phases 
related to Mn or dopant when the Mn content is small (Mn/Zr = 0.2). However, the 
specific surface area improvement as shown in Si-Mn-ZrO2 case is marginal. Fig. 7.13 
shows the ESEM images of these ternary oxide systems after 900 oC 4 hour heat 
treatment. Compared to the MnOx-ZrO2 and Si-Mn-ZrO2 powders, La-Mn-ZrO2 sintered 
less, so it has much higher surface area. Although Si stabilized the tetragonal zirconia, it 
did not hinder the sintering of MnOx-ZrO2 system.  
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Fig. 7.12 The XRD results of ZrO2 based oxide powders with different kinds of dopants 
at elevated temperatures. The calcination was conducted at 900 oC for 4 hours. The 
numbers before the dopant element are the molar ratio between dopant and Zr. 
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Fig. 7.13 The SEM images of (a) La-Mn-ZrO2 (La/Mn/Zr=0.03/0.2/1), (b) Si-Mn-ZrO2 
(Si/Mn/Zr=0.04/0.2/1), and (c) Mn-ZrO2 (Mn/Zr=0.2) after 900 oC 4 h heat treatment 
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Fig. 7.14 indicates that a small amount of La dopant can improve the thermal 
stability of ZrO2-MnOx powders over a wide range of Mn contents. This will opens more 
possibilities for ZrO2-MnOx catalytic applications at high temperatures. 
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Fig. 7.14 The effect of La dopant on the surface area of ZrO2-MnOx powders at 900 oC 
 
 
7.4 Chapter summary 
Coprecipitated ZrO2-MnOx shows higher surface area at 500 and 700 oC than the 
single oxide and the surface area increases with the Mn content up to 50 mol%. Based on 
the SEM pictures the composite particles sinter less compared to pure zirconia at 500 oC. 
However, the sintering behavior at 900 oC is opposite to that at 500 oC. At 900 oC, MnOx 
phases segregate from ZrO2 and the sintering and grain growth of composite particles are 
actually enhanced, so the specific surface areas of binary oxides decrease dramatically. 
One of the possible reasons for this sintering enhancement at 900 oC is the reduction of 
Mn ions at this temperature. It is shown that by separating MnOx from ZrO2 in the 
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mixture powder, surface area of ZrO2-MnOx at 900 oC can be improved. La dopant can 
hinder the sintering of ZrO2-MnOx and increase the surface area by one order of 
magnitude at 900 oC. It also stabilizes the tetragonal zirconia in MnOx-ZrO2 system at 
900 oC. 
 153
8. The Redox property and NOx storage capability of MnOx-ZrO2 powders 
 
8.1 Introduction 
The major catalytic applications of MnOx based materials are related to the 
change of the oxidation state of Mn ions, which results in the releasing or gaining oxygen 
by the material. For example in NO storage applications using ZrO2-MnOx, the function 
of MnOx is to oxidize NO to NO2 before it is adsorbed on the surface of ZrO2 as NO3-. So 
the reduction or oxidation activity of Mn ions is a very important feature of MnOx based 
catalysts. A typical way to characterize the redox behavior of a material is using 
temperature programmed reduction (TPR). The basic reaction during H2-TPR test is 
shown in the following equation: 
)()()()( 22 gOHsMgHsMO +→+       (8.1) 
MO is the metal oxide and M is the metal. However, most of time the metal oxide is not 
reduced to metal but to lower oxidation states. The Gibbs free energy for this reaction is: 
)log(
2
20
H
OH
P
P
RTGG +∆=∆        (8.2) 
Fig. 8.1 shows ∆G0 as a function of the temperature for various metal oxides’ reduction 
according to equation (8.1)130. Although not all of the ∆G0 values are below zero, in TPR 
test H2 flow makes 
2
2
H
OH
P
P
 nearly zero and at the same time T is increased to make ∆G 
below zero. So almost all of the metal oxides’ reduction can be studied by the TPR 
methods. 
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Fig. 8.1 The free energy change of the reduction of various oxides at different 
temperatures130 
 
 
Fig. 8.2(a) is the schematic drawing of a TPR testing equipment. A H2 stream with 
certain concentration flows through the tested sample located in a reactor. The 
temperature of the reactor is controlled by a computer. After the H2 is oxidized by the 
sample, it is passed through a molecular sieve to remove any dust or impurity introduced 
by the sample. Then the concentration of H2 is measured again by thermal conductivity 
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detector (TCD) or flame ionization detector (FID). The amount of consumed hydrogen 
can be calculated from the concentration difference between the inlet and outlet. A 
typical TPR plot shows the H2 consumption as a function of the temperature (Fig. 8.2(b)). 
The temperature where significant H2 consumption occurs is called the light-off 
temperature. Lower light-off temperature means higher redox activity of the sample. The 
total amount of H2 consumed (proportional to the area under the TPR plot) by one-gram 
sample is used to represent the oxygen storage capability. There is still uncertainty on 
whether the different TPR peaks should be assigned to surface reduction and bulk 
reduction or they are related to different reduction stages involving different oxidation 
states130. 
Manganese oxide or supported manganese oxide catalysts were extensively 
studied by TPR because TPR combined with other characterization methods can provide 
useful information of the catalyst, such as the average oxidation state of Mn ions in the 
catalyst or the dispersion of manganese oxides on the surface of supports98,102,131. Usually 
the supported manganese oxide has higher reduction activity (lower light-off 
temperature) and oxygen storage capability (per Mn atom base) compared to the bulk 
manganese oxide. Using lower Mn loading on supports can obtain catalysts with better 
dispersion of Mn ions and higher activity. The support materials also play a role on the 
reduction property of manganese oxide. Arena et al. reported that zirconia was superior to 
other support materials, such as alumina, silica, and titania and nitrate was a more 
effective precursor than permanganate to attain a high dispersion and improved 
reducibility although permanganate salts resulted in higher average oxidation states98. 
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However, TPR results are very sensitive to testing conditions, so we must be careful in 
comparing the TPR results obtained under different conditions. 
 
 
Fig. 8.2 The schematic plot of (a) the instruments for the temperature programmed 
reduction measurement and (b) a typical result of TPR test 
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Another recently reported promising catalytic application in NOx abatement is 
related to the NOx storage capability of ZrO2-MnOx system22-25,132. However, most of 
NOx storage tests were conducted at low flow rate (contact time W/F = 1 gscm-3, roughly 
6,000 h-1 GHSV under our testing conditions) and the tested powders were calcined at 
relatively low temperature (450 oC). In the real application of the catalyst material in 
automobile emission control system it involves a large flow rate (30,000 to 100,000 h-1 
GHSV) and high temperature (400-1000 oC)28. So the current knowledge about the NOx 
storage capability of ZrO2-MnOx system does not match with the real conditions in the 
emission control system. The NOx storage capability of ZrO2-MnOx powders calcined at 
high temperatures (700 or 900 oC) under the high volume flow rate (96,000 h-1 GHSV) 
was tested in this chapter. 
8.2 Experimental procedures 
MnOx-ZrO2 and La/ZrO2-MnOx samples were made as described in previous 
chapters. TPR tests were conducted by using 0.2 g powders. The tested powder was first 
pre-treated at 500 oC for half an hour in 2.10% O2, then cooled down to –50 oC and 
heated up in 5.0% H2 by 10 oC/min to 900 oC. The H2 at the outlet was detected by TCD. 
NOx storage test was conducted by using 0.1 g powders in a flow system. 
Nitrogen monoxide was diluted in He and mixed with O2 before being supplied to the 
flowing reactor. The concentration of NO is 800 ppm and O2 is 10%. The flow rate is 100 
ml/min resulting in 96,000 h-1 GHSV. The reactor was controlled in an isothermal 
condition either at 300 or 100 oC during the test. The gas stream at the outlet was 
monitored by GC/MS. The NOx concentration difference between inlet and outlet streams 
was used to calculate the NOx adsorption percentage.  
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8.3 Results and discussion 
8.3.1 The redox properties of MnOx-ZrO2 powders 
The TPR results of coprecipitated MnOx-ZrO2 powders heat-treated at 700 oC for 
4 h with different Mn contents are shown in Fig. 8.3. The bulk manganese oxide powder 
(solid line) shows the light off temperature around 240 oC and one peak at 300 oC and the 
other peak at 425 oC. For MnOx-ZrO2 composite powders, the light off temperature 
decreases to about 100 oC and the first reduction peak is around 140 oC. The low 
temperature reduction was due to higher surface areas of the MnOx-ZrO2 powders and the 
dispersion of MnOx in the ZrO2 matrix. There are several other peaks in the TPR plots of 
MnOx-ZrO2 powders. For the sample with Mn/Zr ratio of 1/1 (dash-dot line), there are 
two peaks around 350 and 425 oC respectively. These two peaks are very close to the 
TPR peaks of the bulk manganese oxide. On the other hand the XRD result of this sample 
shows certain amount of α-Mn2O3 phase (Fig. 7.7(a)), which is the same as the bulk 
manganese oxide. So it is reasonable to say that these two peaks are from the reduction of 
crystalline α-Mn2O3 in the ZrO2-MnOx (Zr/Mn = 1) powder. For the other two samples, 
Mn/Zr equal to 1/2 (dot line) or 1/5 (dash line), there are also two similar peaks but 
appear at lower temperatures, 270, 320 oC and 250, 280 oC, respectively. And there is no 
visible peak corresponding to crystalline manganese oxide phases in the XRD results of 
these two samples. The above information suggests that manganese oxide is dispersed 
better in the composite powders at lower Mn content and its reduction activity increases 
accordingly. In summary, coprecipitation produced high surface area and well dispersed 
MnOx in ZrO2 matrix, which results in a lower light off temperature. In samples with 
lower Mn content MnOx dispersed better. 
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Fig. 8.3 The TPR results of MnOx-ZrO2 samples with different Mn to Zr molar ratios, all 
samples were heat treated at 700 oC for 4 hours. 
 
 
The H2 consumption amount based on 1 gram of powders are listed in Table 8.1. 
In order to judge how much oxygen can be provided for the reduction on per Mn base 
(the oxygen storage capability), the average oxidation state of Mn ions before reduction 
needs to be calculated. Mn ions with higher oxidation states have the potential to provide 
more oxygen during the reduction. The calculation is based on the following equation: 
+++
−+=
−
+ HyMnHyMn y )2(
2
2 2
2      (8.3) 
here y+ is the average oxidation state of Mn ions after the pretreatment (2.1% O2 
atmosphere, 500oC) but before the H2-TPR. And the oxidation state of Mn ions after TPR 
was chosen to be 2+ because of the XRD results in Fig. 8.4. For pure manganese oxide 
the calculation is straightforward. The formula of manganese oxide can be written as 
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MnOy/2, and 1 g of MnOy/2 consumed 7368 µmole H2. According to equation 8.3, the 
following relationship should be satisfied: 
Hy
WM M
=
−
2
2*
..
1         (8.4) 
M.W.M is the molecular weight of MnOy/2 and H is the amount of H2 consumed. So 
y=3.18 is obtained for pure manganese oxide. 
For composite powders, because ZrO2 does not participate in the reduction, the 
amount of MnOy/2 in 1 gram of powders has to be known. We used EDAX to characterize 
the composition of mix oxide powders. The EDAX results were taken from three 
different locations with an area of ~2.9 mm2 for each sample. The Mn/Zr ratios for the 
composite samples obtained from EDAX are listed in Table 8.1. All of them are smaller 
than the nominal Zr/Mn ratios. One possible reason is the Mn loss during the sample 
preparation. It was observed that during the centrifuging-washing step sometimes the 
decanted centrifuge supernatant was translucent and light brown colored, which might 
contain manganese hydroxide. Assuming that the composite powder is the mixture of 
MnOy/2 and ZrO2 and EDAX results give the exact molar ratios between Mn and Zr in the 
composite powders, the molar amount of MnOy/2, A, in 1 g of composite powder is: 
ZM WMWMR
RA
....*
0.1*
+
=        (8.5) 
R is the molar ratio between Mn and Zr, and M.W.Z is the molecular weight of ZrO2. 
According to equation 8.3 the following relationship should be satisfied: 
HyA =−
2
2*         (8.6) 
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H is the H2 consumption for the composite powders. The calculated average oxidation 
state, y, of Mn ions in the composite powders is shown in Table 8.1. Compared to the 
pure manganese oxide, the composite powders have slightly lower average oxidation 
state for Mn ions. Of course the accuracy of EDAX measurement needs to be fully 
considered before we can reach the above conclusion. However, it is fair to say that 
mixing MnOx with ZrO2 significantly increases the reduction activity (low down the light 
off temperature) but it does not necessarily increase the oxygen storage capability 
(increase the average oxidation state of Mn ions) in our cases. 
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1: MnO; 2: Tetragonal ZrO2 
Fig. 8.4 The crystalline phases after TPR tests 
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Table 8.1 The average oxidation state of Mn in MnOx-ZrO2 coprecipitated powders  
Nominal Mn/Zr Mn/Zr=0.2 Mn/Zr=0.5 Mn/Zr=1 Pure manganese oxide 
H2 consumption (*10-6 
mole/g powders) 403 909 1652 7368 
Mn/Zr from EDAX 0.10±0.01 0.28±0.03 0.62±0.02 ∞ 
Average oxidation 
state of Mn 3.05 2.94 2.90 3.18 
 
 
 
Fig. 8.5 shows the TPR results for samples made from different methods but with 
a fixed Mn content (Mn/Zr=1/5). For the samples calcined at 700 oC for 4 hours (Fig. 
8.5(a)), the TPR peaks of the two-step precipitated sample (dash line) shift to higher 
temperatures slightly compared to those of the coprecipitated sample (solid line), and the 
peaks of precipitated-cured sample (dot line) shift to even higher temperatures. After 900 
oC heat treatment (Fig. 8.5(b)) the low temperature TPR peaks of two-step precipitated 
powder disappeared and there is only a broad hump starting at 450 oC (solid line). This 
decrease in reduction activity can be attributed to the very low surface area of this sample 
(2.0±1.0 m2/g). Most of Mn ions are buried inside the powder and not available for redox 
actions. But precipitated-cured sample (dash line), which shows a major reduction peak at 
480 oC, has a better reduction activity after 900 oC heat treatment compared to two-step 
precipitated powder because it has a larger surface area (7.2±0.5 m2/g). 
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Fig. 8.5 The TPR results of MnOx-ZrO2 (Mn/Zr=0.2) powders made from different 
methods and after (a) 700 oC 4 h and (b) 900 oC 4 h heat treatment. 
 
 
 
La dopant slightly increases the reduction temperatures of the ZrO2-MnOx sample 
calcined at 700 oC (Fig. 8.6 (a)). But the peak profiles (solid line vs. dash line in Fig. 8.6 
 164
(a)) are very similar between samples with and without La dopant calcined at 700 oC. An 
important phenomenon is that the La-ZrO2-MnOx sample calcined at 900 oC (Fig. 8.6(b)) 
has much lower reduction temperatures than the samples without La (see Fig. 8.5(b)). 
The major TPR peaks of the La doped powder calcined at 900 oC appear at the 
temperature lower than 400 oC (Fig. 8.6(b)). This significant improvement in redox 
activity is due to its much higher thermal stability (specific surface area ~20 m2/g) 
compared to those La-free samples. No previous literature reports were seen for MnOx 
based catalysts to have this high redox activity after high temperature (900 oC) 
calcinations. For example, MnOx-ZrO2 (Mn/Zr=0.25) powders calcined at 800 oC show 
TPR peaks all above 400 oC (Fig. 2.26)101. 
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(b) 
Fig. 8.6 TPR results of MnOx-ZrO2 samples with and without La dopant calcined at (a) 
700 oC and (b) 900 oC for 4 hours, Mn/Zr = 0.2 for all the samples and La/Zr = 0.03 for 
La containing samples, Cop.: coprecipitation. 
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8.3.2 The NO storage capability 
The results of NO storage tests at 100 oC are shown in Fig. 8.7. There is no 
apparent difference on the NO adsorption behavior between MnOx-ZrO2 (Mn/Zr=1/1) 
and La-ZrO2-MnOx (La/Zr/Mn=0.03/1/1) samples. Both of the powders can completely 
remove NO from the gas stream within the initial ~7 minutes. After that NO cannot be 
completely adsorbed and the powders do not adsorb any more NO after 4000 s 
adsorption. The gas contents at the outlet of the flow reactor were analyzed by the mass 
scanning spectroscopy. Both NO and NO2 were detected at the outlet (Fig. 8.8). The input 
gases only contained NO, so the NO2 was converted from NO. According to Matsukuma 
et al. converting NO to NO2 by MnOx was a necessary step before NO2 could be 
adsorbed as NO3- on the surface25. From Fig. 8.8 it seems that oxidizing NO to NO2 was 
not the bottleneck for NO storage in our tests because NO2 signal was seen all the time 
even when the sample had been saturated by the adsorption. The dominant factor for NO 
storage would be the number of available adsorption sites on the powder surface. 
 
 
Table 8.2 The NO storage capability of ZrO2-MnOx based powders 
Samples Test temperature 
(oC) 
Amount of NO adsorption 
(*10-4 mole/g) 
100 5.02 ZrO2-MnOx, 500 oC 4 h 
300 1.12 
100 4.99 La-ZrO2-MnOx, 500 oC 4 h 
300 1.18 
ZrO2-MnOx, 700 oC 4 h 300 0.58 
La-ZrO2-MnOx, 900 oC 4 h 300 0.35 
ZrO2-MnOx, 450 oC 6 h a 300 1.84 
Note: a: from reference 25, test conditions: 800 ppm NO, 10% O2, He balance, 
W/F=1gscm-3 (~6,000 h-1 GHSV) 
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Fig. 8.7 The NO adsorption behavior on ZrO2-MnOx (Zr/Mn=1/1) based samples with 
and without La dopant (La/Zr=0.03) at 100 oC 
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Fig. 8.8 The gas content analysis at the outlet of the flow reactor during NO storage tests 
shown in Fig. 8.7 
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The NO storage capabilities of ZrO2-MnOx and La-ZrO2-MnOx at 100 oC were 
listed in Table 8.2. These two samples have very similar NO storage capabilities, which 
can be attributed to the similar surface area of these two samples (201 vs 181 m2/g), and 
the La doping does not play a role on the adsorption process. 
When the testing temperature increased to 300 oC, the NO storage capability of 
ZrO2-MnOx and La-ZrO2-MnOx (500 oC, 4 h) samples became lower compared to those 
at 100 oC. It is seen from Fig. 8.9 that for ZrO2-MnOx and La-ZrO2-MnOx (500 oC, 4 h) 
samples the 100% NO removal time are about 300 and 150 seconds, which are smaller 
than those shown in Fig. 8.7, ~400 seconds. The total saturation time also becomes 
shorter, 1500 seconds vs. 4000 seconds (see Fig. 8.9 and 8.7). The data in Fig. 8.9 also 
shows the influence of powder calcination temperatures on the NO storage capabilities. 
ZrO2-MnOx calcined at 700 oC for 4 hours and La-ZrO2-MnOx calcined at 900 oC for 4 
hours have smaller NO storage capability compared to the same powders calcined at 500 
oC for 4 hours, respectively. The 100% NO removal time for these powders calcined at 
high temperatures are about 30-70 seconds, which may still satisfy the requirement for 
NOx trapping, up to 60 seconds, in NSR (NO Storage Reduction) process used for the 
lean-burn engine or diesel engine emission control26. It is difficult to compare our 
adsorption value directly with other literature data because the testing conditions are 
different. One of the data tested under the similar conditions in reference 25 was listed in 
Table 8.2. Considering the high calcination temperature used to treat our powders and 
high flow rate used in our test we can conclude that our samples are superior NO 
adsorbent materials at 300 oC compared to that literature reported value. 
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Fig. 8.10 gives the information about the gas contents at the outlet of the flow 
reactor during the measurement at 300 oC. The oxidation of NO to NO2 happened all the 
time during the storage test and actually more NO2 is generated at 300 oC than at 100 oC 
(see the relative intensity of NO2 compared to NO in Fig. 8.10 and 8.8, respectively), 
which is consistent with the results of Eguchi et al.24.  
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Fig. 8.9 The NO adsorption behavior on ZrO2-MnOx (Zr/Mn=1/1) based samples with 
and without La dopant (La/Zr=0.03) at 300 oC 
 
 
 
According to our DTA results of hydrous zirconia in chapter 5 (Fig. 5.9 and 5.10) 
and the decomposition temperature of Mn(NO3)2 in the literature42 the nitrate group 
binding with Zr or Mn would start to decompose at around 300 oC, which provided us a 
possible explanation why the powders had higher NO storage capability at 100 oC than 
300 oC, i.e. the adsorbed NOx species were not stable at high temperatures. The NO 
storage capability values for the mixed oxide powders at 300 oC are shown in Table 8.2. 
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The NO storage capabilities tested at 300 oC of the powders calcined at 500 oC for 4 
hours were about one fifth of the values tested at 100 oC and the powders calcined at 700 
and 900 oC showed half or one third of NO storage capability of the powders calcined at 
500 oC. The values in Table 8.2 clearly suggest that stable binding between NO and the 
surface and the high surface area are two key factors to improve the NO storage 
capability. 
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Fig. 8.10 The gas content analysis at the outlet of flow reactor during NO storage tests 
shown in Fig. 8.9 
 
 
 
8.4 Chapter summary 
The catalytic properties, such as redox activity and NO storage capability of 
ZrO2-MnOx powders, are highly correlated with the surface area of the powders. We 
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found that the light off temperature of MnOx in TPR tests can be decreased as much as 
150 oC by coprecipitating MnOx with ZrO2 because of the surface area increase and the 
dispersion of MnOx in ZrO2 matrix. Curing ZrO2 first or introducing the dopant, La, in 
ZrO2-MnOx system dramatically improved the redox activity of powders calcined at 900 
oC due to the enhanced thermal stability at this high temperature. This improvement will 
significantly extend the application range of ZrO2-MnOx catalysts to higher temperatures. 
Coprecipitated ZrO2-MnOx (Zr/Mn = 1/1) powders had a large NO storage capability 
(5*10-4 mole/g) at 100 oC. Small amount of La dopant (La/Zr = 0.03) did not change the 
NO adsorption behavior of ZrO2-MnOx powders. The NO storage capability decreased as 
the testing temperature increased from 100 oC to 300 oC, which was due to the instability 
of adsorbed nitrate species at high temperatures. ZrO2-MnOx or La-ZrO2-MnOx powders 
calcined at high temperatures (700 or 900oC) showed smaller NO storage capability 
compared to those calcined at the low temperature (500 oC) because of the surface area 
loss. 
The excellent redox activity of MnOx-ZrO2 powder (H2-TPR light off temperature 
near 100 oC) makes it a promising candidate material to solve the “cold start” problem in 
automobile emission control. The “cold start” problem originated from the fact that 
catalysts are not active enough to treat the pollutants (mainly hydrocarbons and CO need 
to be oxidized) because of the low temperature (room temperature to ~300 oC) during the 
engine start-up period. Current commercialized CeO2-ZrO2 catalysts in TWC show H2-
TPR peak around 600 oC and the TPR peak can shift down to 200 oC only after adding 
precious metals133. The MnOx-ZrO2 powders synthesized by us show TPR peaks between 
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100 and 400 oC, which means they can provide oxygen at much lower temperature than 
CeO2-ZrO2 catalysts and are better candidates to solve the “cold start” problem. 
The NO adsorption study on MnOx-ZrO2 powders shows it is possible to use 
MnOx-ZrO2 as NOx trapping materials (maximum working temperature: ~850 oC and 
NOx trapping time: ~minutes) in automobile emission control system. Considering its 
large adsorption capacity at 100 oC, MnOx-ZrO2 may be used as NOx adsorbents for 
sensing or environmental protection applications as well. 
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9. Concluding remarks and future works 
 
The focus of this study is to investigate the effects of precipitation based 
processing parameters, such as composition and concentration of precursor solutions, 
synthesis temperatures and sequence, on the textural properties of manganese oxide, 
zirconia, and their composite powders at elevated temperatures. The oxide powders were 
synthesized at different conditions and their textural properties were measured and 
compared. At the same time, characterization instruments, theoretical sintering theory, 
and computer simulation were used to explain the effects and differences caused by the 
different processing conditions. Finally catalytic properties, such as redox activity and 
NO storage capability, of the synthesized manganese oxide and zirconia powders, were 
tested and some excellent catalytic properties were attributed to the improved surface 
area and thermal stability of the powders. The general conclusions are summarized in the 
following. 
9.1 Concluding remarks 
1. Manganese oxide powders were made by dropping Mn(NO3)2 solution into 5.0N 
ammonium hydroxide. Higher surface area of manganese oxides calcined at 500 
oC could be obtained by using either lower Mn(NO3)2 concentration or smaller 
volume ratio between Mn-precursor and ammonium hydroxide. It was found that 
the surface area difference between manganese oxides made from different 
precipitation conditions came from the particle morphology variations. When a 
large amount of ammonium hydroxide (Mn precursor/ammonia < 1/1) was used 
in precipitation, plate-like particles dominated in the synthesized powder. Thinner 
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plates were synthesized by using the Mn(NO3)2 solution of lower concentration 
resulting in higher specific surface area. When a small amount of ammonium 
hydroxide (Mn precursor/ammonia > 1/1) was used, the synthesized powder had 
sphere-like particles with lower specific surface area compared to plate-like 
particles. The surface area difference between these different powders decreased 
as the calcination temperatures increased from 500oC to 900oC because the high 
temperature calcination eliminated the morphology difference between these 
powders. 
2. For the first time the effect of curing on zirconia powders was studied without the 
influence of silica doping, and the combining effects of curing and silica doping 
were systematically illustrated by curing ZrO2 powders in a Teflon flask and then 
doped with different amounts of TEOS solutions (0-10.9 wt% Si in ZrO2). When 
the zirconia powders were calcined at elevated temperatures (>500 oC) for a 
relatively long period of time, such as 4 hours, we found that curing increased the 
pore volume and the pore size of pure ZrO2 powders but had a negligible effect on 
the particle morphology, size, and the specific surface area of the powder. The 
silica doping effects, such as delaying the crystallization, stabilizing the tetragon 
phase of ZrO2, and retarding the crystallite growth, do not depend on whether 
zirconia is cured or not. However, cured silica doped ZrO2 powders have 
significantly higher specific surface area than the uncured silica doped ZrO2 
powders. On the other hand, study on the textural evolution of pure and silica 
doped zirconia revealed that curing generated larger pore volume as well as 
higher surface area hydrous zirconia before heat treatment regardless containing 
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Si or not. For pure zirconia, calcination at elevated temperatures for a prolonged 
period of time caused extensive sintering. This sintering process resulted in 
significant phase transformation and pore growth. The pore growth was helpful 
for the cured zirconia to maintain its larger pore volume but the initial higher 
surface area of cured zirconia was consumed by the severe sintering process. For 
silica doped zirconia the sintering effect was not that strong because SiO2 inhibits 
the grain growth of ZrO2. So the initial higher surface area of cured silica doped 
zirconia could be preserved even after long time calcination at high temperatures. 
A simulation model was developed using Monte-Carlo algorithm to study the 
sintering behavior of particles packed with different initial configurations in 2-D. 
The simulation results confirmed our speculation that higher surface area, even 
after the long time calcination, could be obtained for powders with more open 
structure under the heat treatment conditions without pore collapses, which was 
similar to the behavior of the cured silica doped zirconia. 
3. Coprecipitated ZrO2-MnOx shows higher surface area at 500 and 700 oC than the 
single oxide and the surface area increases with the Mn content up to 50 mol%. 
Based on the SEM pictures the composite particles sinter less compared to pure 
zirconia at 500 oC. However, the sintering behavior at 900 oC is opposite to that at 
500 oC. At 900 oC, MnOx phases segregate from ZrO2 and the sintering and grain 
growth of composite particles are actually enhanced, so the specific surface areas 
of binary oxides decrease dramatically. One of the possible reasons for this 
sintering enhancement at 900 oC is the reduction of Mn ions at this temperature. It 
is shown that by separating MnOx from ZrO2 in the mixture powder, surface area 
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of ZrO2-MnOx at 900 oC can be improved. La dopant can hinder the sintering of 
ZrO2-MnOx and increase the surface area by one order of magnitude at 900 oC. It 
also stabilizes the tetragonal zirconia in MnOx-ZrO2 system at 900 oC. 
4. Catalytic properties, such as redox activity and NO storage capability, of ZrO2-
MnOx powders are highly correlated with the surface area of the powders. We 
found that the light off temperature of MnOx in TPR tests could be decreased as 
much as 150 oC by coprecipitating MnOx with ZrO2 because of the surface area 
improvement and the dispersion of MnOx in ZrO2 matrix. Curing ZrO2 before 
precipitating MnOx on it or introducing the cation, La, dramatically improved the 
redox activity of ZrO2-MnOx powders calcined at 900 oC due to the enhanced 
thermal stability at high temperatures. This improvement will significantly extend 
the application range of ZrO2-MnOx catalysts to higher temperatures. 
Coprecipitated ZrO2-MnOx (Zr/Mn = 1/1) powders calcined at 500 oC had a large 
NO storage capability (5*10-4 mole/g) at 100 oC. Small amount of La dopant 
(La/Zr = 0.03) did not change the NO adsorption behavior of ZrO2-MnOx 
powders. The NO storage capability decreased as the testing temperature 
increased from 100 oC to 300 oC, due to the instability of adsorbed nitrate species 
at high temperatures. ZrO2-MnOx or La-ZrO2-MnOx powders calcined at higher 
temperatures (700 or 900 oC) showed smaller NO storage capability compared to 
those powders calcined at the low temperature (500 oC) because of the surface 
area loss. 
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9.2 Future works 
1. The optimization of Lanthanum-Zirconium-Manganese Oxide System: We 
showed that small amount of La could significantly increase the surface area of 
ZrO2-MnOx powders calcined at 900 oC and the redox activity of this powder was 
improved accordingly, which led to new possibilities for the catalytic application 
of ZrO2-MnOx powders. During our study the content of La was fixed at La/Zr = 
0.03, in the future we can examine the surface area change with various La 
contents to obtain the optimal composition. Besides the optimal composition 
search, it is also necessary to consider other processing methods besides 
coprecipitation. We had already showed that the processing method and sequence 
influenced the surface area of ZrO2-MnOx powders at high temperatures. It will 
be interesting to see whether combining Zr and La first in the oxide then 
precipitating with MnOx gives better surface area compared to coprecipitated 
ternary oxides. 
2. Sulfur Poisoning Resistance of ZrO2-MnOx Based Catalysts: In order to use ZrO2-
MnOx materials as NO storage components in the automobile emission control 
system, resistance to sulfur poisoning is needed as well as large NO storage 
capability especially for the diesel engine system. The reason is sulfur cannot be 
avoided from the current fuel supply with a reasonable cost and sulfur oxide 
competitively adsorbs at the same catalyst surface sites as NOx. None of the 
currently used oxide materials in the automobile emission control system is 
known to be sulfur resistive. The possible ways to solve the sulfur poisoning 
problem are (1) adoption of a SOx adsorber that protects the NOx trap and is 
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periodically regenerated; (2) modification of the catalyst composition to promote 
the removal efficiency of the adsorbed SOx28. Recently, it was reported that 
Nb2O5 promoted (VO)2(SO4)/SiO2 catalyst had good resistance to sulfur 
poisoning when applied for the reduction of NOx134. And Cu-Nb/MCM-41 
catalysts were active in NO adsorption and decomposition even after SO2 
adsorption135. So in the future the integration of Nb into ZrO2-MnOx system and 
the characterization of NOx storage capability under the sulfur-containing 
environment are important steps to develop successful catalyst materials. The 
effect of Nb on the thermal stability of zirconia, manganese oxide, and ZrO2-
MnOx, and the influence of Nb on the sulfur tolerance of these catalyst materials 
are interesting topics for the future research. 
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